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FOREWORD 

The Summary Report of the Physics Division of the 

Argonne National Laboratory is issued monthly for the information 

of the members of the Division and a limited number of other persons 

interested in the progress of the work. Each active project repor ts 

about once in 3 months, on the average. Those not reported in a 

particular issue a re listed separately in the Table of Contents with 

a reference to the last issue in which each appeared. 

This is merely an informal progress repor t . The 

resul ts and data therefore must be understood to be prel iminary and 

tentative. 

The issuance of these repor ts is not intended to con­

stitute publication in any sense of the word. Final resul ts either 

will be submitted for publication in regular professional journals 

o r , in special c a s e s , will be presented in ANL Topical Repor ts . 
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I. EXPERIMENTAL NUCLEAR PHYSICS 

1-10-2 Tandem Van de Graaff Accelerator (61210-01) 

1. INSTALLATION 

Jack R. Wallace 

The following is a chronological summary of the tandem 

Van de Graaff accelera tor project of the Physics Division. 

The first shipments of parts from the High Voltage 

Engineering Corporation began to ar r ive July 10, 1961. The Tandem 

wing on Building 203 (Fig. 1) was not accepted from the contractor until 

October 1961. The reassembly of the Tandem was slower than had been 

anticipated because of the condition of some of the equipment when r e ­

ceived. The alignment of the equipment also required excessive amounts 

of t ime. 

The acceptance tests of the accelerator (Sec. 2) were de­

layed until February 2, 1962 because of a "loading" problem in the 

Fig 1. Perspective drawing of the tandem wing of the Physics Build-
" ing. The wing attaches to the Physics Building (not shown) along 

theupper right-hand side. The earth shielding (shown cut away) 
extends along the sides of the target rooms and almost to the end 
of the accelerator vault. See pp. 3-4 of ANL-6262 (Physics 
Division Summary Report, December I960) for floor plans and 
vert ical section. 
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a c c e l e r a t i n g tube, a t r o u b l e s o m e d i s c h a r g e c u r r e n t when the vo l tage 
pa e x -

r a i s e d . I n s t a l l a t i o n of a u x i l i a r y v a c u u m s y s t e m s in each t a r g e t a r 

t e n s i o n of the b e a m tubes , p l a c e m e n t of sh i e ld ing b locks in the wal l s 

tween m a c h i n e vau l t and t a r g e t r o o m s , and the i n s t a l l a t i o n of e x p e r i 
.-- .̂̂ ^^ ff^sts w e r e corn-

c a b l e s , i n t e r l o c k s , e t c . had to be de l ayed unt i l a c c e p t a n c e 

p l e t e d by High Voltage E n g i n e e r i n g . 
„ , - - J ,, ,„o,-p c o m p l e t e d d u r i n g the mon th 

The I t e m s m e n t i o n e d above w e r e comp-ic & 

of F e b r u a r y and the f i r s t p r e l i m i n a r y e x p e r i m e n t s wi th the T a n d e m w e r e 

s t a r t e d on M a r c h 5, 1962. This p e r i o d of o p e r a t i o n w a s m e r e l y to f a m i l i a r -

..1 • .- J ^...-u.^.-^-i^nc with the o p e r a t i n g of the m a c h i n e , 
ize the e x p e r i m e n t e r s and t e c h n i c i a n s wi ia LLL^ ^^ 6 

S t a r t i ng M a r c h 26, 1962. the T a n d e m w a s shut down whi le 

the new 90° a n a l y z e r m a g n e t s w e r e i n s t a l l e d . The o r i g i n a l a n a l y z e r m a g ­

ne t s suppl ied by High Voltage had a 28 - in . r a d i u s of c u r v a t u r e and w e r e de­

s igned to deflect ions for which the p r o d u c t of m a s s a n d e n e r g y cou ld have 

va lues up to 36 a m u - M e V . They had a g r e e d to r e p l a c e t h e s e m a g n e t s af ter 

the a c c e p t a n c e t e s t s wi th m a g n e t s hav ing a 3 4 - i n . r a d i u s of c u r v a t u r e for 

ions with m E ^ 52 a m u - M e V . 

O p e r a t i o n of the T a n d e m w a s a g a i n r e s u m e d on M a y '', 1962. 

Since that da te the T a n d e m h a s b e e n in c o n s t a n t u s e . By F e b r u a r y 5. 1963, 

the a c c e l e r a t o r had been o p e r a t e d for 3335 h r . F r o m M a y 1962 unt i l 

F e b r u a r y 1963, the m a c h i n e was s c h e d u l e d 96 h r / w e e k . S t a r t i n g on F e b ­

r u a r y 4, 1963, the T a n d e m wi l l be s c h e d u l e d 120 h r / w e e k . 

The fol lowing is a p a r t i a l l i s t of e x p e r i m e n t s tha t have been 

in p r o g r e s s on the T a n d e m : 

1. C h a r g e d - p a r t i c l e s c a t t e r i n g f r o m Ni and Cu i s o t o p e s . 

2. E x p e r i m e n t s t e s t i n g the v a l i d i t y of the d i s t o r t e d - w a v e B o r n 

a p p r o x i m a t i o n for Ca*' ' (d, p ) C a 4 i . 

3 . M e a s u r e m e n t s on B i ' ' ( d , L i ^ ) L i 3 . 

4 . B i i ( p , v ) C i 2 . 

5. B i ' ' ( p . p ' -y)Bi ' ' . 

6. C r o s s s e c t i o n s of a - p a r t i c l e r e a c t i o n s . 
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7. A12'7(p, a )Mg2* . 

8. K39(p, a)Ar33. 

Several large pieces of experimental equipment are now being 

installed in the target a r e a s . One of these is a large remotely-operated 

scattering chamber designed by Jan Yntema. This chamber is being in­

stalled by the Central Shops. Pre l iminary work has been done for the in­

stallation of a broad-range magnetic spectrometer for John Erskine and 

Linwood Lee. 

The accelerat ion of heavy ions is also being studied at the 

Tandem. 

2. ACCEPTANCE TESTS 

William Evans, Paul Mooring, John Schiffer, Ralph Segel, 

and Jack Wallace 

Protons were used to demonstrate the performance ratings 

of the tandem; helium ions were used to demonstrate the performance 

ratings of the helium injector. 

The A12^(p, n)Si2^ threshold at 5. 800 MeV was used to cal i ­

brate the generating voltmeter and to establish the magnet constant for both 

analyzer magnets . The object slits were set at 0. 150 in. and the image 

slits at 0. 050 in. These settings were maintained for all tests with a pa r ­

ticular magnet. 

The reproducibility of the analyzer magnets was checked by 

the Fe54(p, p 'y)Fe^** reaction. Excitation curves were run first by in­

creasing the magnet current from a low value and second by decreasing 

the magnet current from a very high value, the magnetic field in each case 

being measured by nuclear magnetic resonance. Shifts in the NMR fre­

quencies at which the resonances in the gamma-ray yield occurred 

correspond to an energy shift of 1.8 keV for magnet No. 1 (Fig. 2) and a 

shift of 1. 0 keV for magnet No. 2. The width of the resonances observed 
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F i g . 

4 290 4 3 0 0 4,310 4,320 4 3 3 0 
PROTON ENERGY(MeVl 

f^nm the 2. P r o t o n s p e c t r u m f ron ^^^^^ 
F e 5 4 ( p , p ' ) r e S 4 * r e a c t i o n . ^ 
data w e r e t aken wi th a t a r g e 
a p p r o x i m a t e l y ! keV th ick . ^ he 
t a r g e t was in the w e s t t a r g e t 
r o o m into which it was de f l ec t ed 
by m a g n e t No. 1. P o i n t s m a r k e d 
by c i r c l e s w e r e t a k e n w h e n the 
p r o p e r m a g n e t c u r r e n t (about 
4 A) was r e a c h e d by i n c r e a s i n g 
f rom z e r o . T h o s e m a r k e d x 
w e r e t aken a f t e r the m a g n e t c u r ­
r e n t h a d b e e n r a i s e d to 12 A a n d 
then r e t u r n e d to the p r o p e r v a l u e . 

in this r e a c t i o n indica ted that the e n e r g y s p r e a d of the s y s t e m w a s l e s s 

than ± 2 keV. 

The FeS4(p_ p 'Y)FeS4* r e a c t i o n and the Ni58(p^ n) t h r e s h o l d 

w e r e used to check the c a l i b r a t i o n c o n s t a n t a t w i d e l y d i v e r g e n t f i e l d s . The 

a g r e e m e n t was b e t t e r than the known e n e r g y v a l u e s for the two r e a c t i o n s . 

The e n e r g y s t ab i l i t y of the o v e r - a l l s y s t e m was c h e c k e d by s i t t i n g on tl. > 

s ide of one of the s h a r p Fe54 (p piy) r e s o n a n c e s and no t ing the t i m e d e ­

pendence of the count ing r a t e . The e n e r g y d r i f t d u r i n g the c o u r s e of this 

run was l e s s than 500 eV. 

The i o n - b e a m c u r r e n t was m e a s u r e d in both t a r g e t r o o m s 
o 

a t the end of the 15 b e a m l i ne . It was m e a s u r e d in a F a r a d a y cage 

b i a s e d at a po t en t i a l of +300 V. A c u r r e n t e x c e e d i n g 2. 0 pa w a s o b s e r v e d 

d u r i n g 1-hr r uns a t 3 MeV and a t 6. 5 MeV and d u r i n g a 2 - h r r u n a t 10 

MeV. D u r i n g e a c h of t h e s e s ix r u n s , the c u r r e n t e x c e e d e d 2. 0 p.a for 

m o r e than 95% of the t i m e . 

The d i a m e t e r of the ion b e a m was c h e c k e d by o b s e r v i n g the 

b e a m spot on a q u a r t z v i e w e r . At a l l e n e r g i e s and for a l l c u r r e n t s for 

wh ich o b s e r v a t i o n s w e r e m a d e , the spot s i ze was s a t i s f a c t o r y . The p o s i ­

t iona l s t ab i l i t y of the ion b e a m a l s o e x c e e d e d the c o n t r a c t u a l r e q u i r e m e n t 

( i o n - b e a m d i a m e t e r « 5 m m , p o s i t i o n a l s t ab i l i t y ± 2 m m ) . 
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The magnetic field of each analyzer magnet (rated for ions 

for which the product of mass and energy was 36 amu-MeV) proved more 

stable than specified. 

All observations were made beyond the switching magnets. 

The voltage calibration of the helium-ion injector was 

checked by using the Ci3(a, n)Oi3 reaction. This also checked the pe r ­

formance of the analyzer and switching magnets at high fields. The voltage 

stability of the injector was better than the contract figure of ±50 keV 

during this run. An ion-beam diameter of less than 0. 250 in. was observed 

on a quartz viewer. 

Currents in excess of 1. 5 [xa He and 0. 5 y.3. He were 

maintained for the proper t imes and at the appropriate energies . The 

energies of the helium-ion beam were checked by using the Ci3(a, njO^^ 

reaction. 

After installation, the large analyzer magnets designed for 

ions with a mass -energy product of 52 amu-MeV were checked against the 

f e54(p, p'Y)Fe^4* resonances and found equally satisfactory. 

1-14-24 Pulsed-Beam Experiments with the Van de Graaff Machine 
"̂  ' ' (51210-01) 

F . J. Lynch and E. N. Shipley 
Reported by F . J. Lynch 

PULSED-BEAM MEASUREMENTS ON THE DOUBLET IN Se^^^ 

1 
Robinson, McGowan, and Stelson proved that what was once 

thought to be a single excited state in Se^^ near 245 keV was, in fact, two 

closely spaced levels. Figure 3 shows the energy-level diagram with the 

energies and spins assigned by them to these levels . The lower level at 

"̂ R. L. Robinson, F . K. McGowan, and P. H. Stelson, Phys. Rev. 125, 
1373 (1962). 
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F i g . 3. E n e r g y - l e v e l d i a g r a m for 
the lower leve ls of Se'^'^, a s r e ­
p o r t e d by Robinson, McGowan, 
and Ste lson ( r e f e r e n c e 1). 

( 2 4 8 ) 242 keV is s t r o n g l y exc i t ed by 

Cou lomb i n t e r a c t i o n and decays 

the ground s t a t e by a m i x t u r e o 

and Ml t r a n s i t i o n s . The upper l eve l 

is weak ly e x c i t e d and d e c a y s to the 

ground s t a t e by an E2 t r a n s i t i o n or 

to the f i r s t e x c i t e d s t a t e by an E l . 

P r i o r to the g e n e r a l r e c o g n i t i o n 

that t h e r e was a double t , t h e r e w e r e 

two d i r e c t l i f e t i m e m e a s u r e m e n t s 

a t t r i b u t e d to the 245 -keV l e v e l . 

Using Coulomb exc i ta t ion with p u l s e d He ions on a n o r m a l Se t a r g e t , 
2 

Holland and Lynch m e a s u r e d a m e a n life of 0. 1 n s e c . T h i s undoubted ly 

r e f e r r e d to the lower l eve l a t 242 keV, which s t r o n g l y donninates in Coulomb 
3 

exc i ta t ion . L a t e r , T. D. Nainan , u s ing g a m m a - g a m m a d e l a y e d c o i n ­

c idence t echn iques with a Br"^^ s o u r c e , r e p o r t e d a m e a n life of 1 . 9 n s e c . 

Robinson, McGowan. and S t e l son a s s u m e d that t ha t t h i s was a s s o c i a t e d 

with the upper l e v e l a t 249 keV. Since Hol land and Lynch had o b s e r v e d a 

weak unident i f ied g a m m a r a y wi th a l i f e t ime l o n g e r than r e p o r t e d , we 

u n d e r t o o k to m e a s u r e the l i f e t ime of the uppe r l eve l and the r e l a t i v e in­

t e n s i t i e s of the g a m i n a r a y s , u s ing p u l s e d - b e a m t e c h n i q u e s wi th an en r i ched 

Se'^'^ t a r g e t . 

The t a r g e t was a th ick l a y e r of Se'^^ ( e n r i c h e d to 74%) 

e v a p o r a t e d on c o p p e r . The m e a s u r e m e n t s w e r e m a d e with an e x t e r n a l l y 

p u l s e d beann of s ing ly c h a r g e d He* ions a t f r o m 2. 6 3 . 5 MeV f r o m the 

e l e c t r o s t a t i c a c c e l e r a t o r . The d e t e c t o r was a Nal(Tl) s c i n t i l l a t o r 

R. E . Hol land and F . J . Lynch, P h y s . Rev . 121, 1 4 6 4 ( 1 9 6 1 ) . 

' T . D . Nainan . P h y s . R e v . 123, 1751 (1961). 
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oriented first at 0° and later at 125° relative to the ion beam. The nuclear 

states were excited by Coulomb interaction with short burs ts of ions, and 

the time of emission of the various de-excitation gamma rays was observed 

relative to the time of the burst . The equipment and techniques have been 
2 4 5 

T r 1 1242. KeV I 1 I r 

S e ^ ' t a . c l 
PULSE-HEIGHT SPECTRUM 

(UNGATED) 

described previously. 

Figure 4 shows the 

normal scintillation pulse-height 

spectrum observed with alpha pa r ­

ticles on Se^^. The prominent 

large photopeak at 242 keV c o r r e s ­

ponds to the ground-state transition 

from the lower level of the doublet. 

There is no evidence of the ground-

state transition from the upper 

level. The small photopeak at about pjg_4_ Ungated scintillation pulse-

height spectrum from a Se^"^ 

target bombarded with 3. 0-MeV 

68 KeV 

200 3 0 0 
ENERGY . KeV 

. l - ^O^^ ' ^^ 

alphas. Detector is a Nal(Tl) 
cylinder ^ in. thick by 1 in. in 
diameter . 

87 keV was shown by Robinson 
1 

et al. to be due to the transition 

from the upper level to the first ex­

cited state. When we look at the 

time of occurrence of the gamma rays producing these two photopeaks, we 

obtain the time spectra shown in Fig. 5. This shows the unaltered time 

spectra of the gamma rays in the entire photopeaks at around 87 keV and 

around 242 keV. Both spectra show a fast component followed by a slow 

component and provide a measure of the lifetimes of the two levels. In 

addition to measuring the lifetimes, the time spectrum of the 242-keV 

gamma rays was used to obtain the relative intensities of the ground-state 

transition from the two levels. 

F . J. Lynch, and S. S. Hanna. Phys. Rev. JJ_2, 903 R. E. Holland, 
(1959). 

" " F . J . Lynch and R . E . Holland, Phys. Rev. n±, 825(1959). 
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F i g . 5. T i m e s p e c t r a of Se^'^ 
g a m m a r a y s . The uppe r c u r v e 
(open c i r c l e s ) was t aken with 
a b r o a d e n e r g y gate c e n t e r e d 
a r o u n d 90 keV, the l o w e r 
( so l id c i r c l e s ) wi th a b r o a d 
gate c e n t e r e d a r o u n d 246 keV. 
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F i g . 6. Sc in t i l l a t i o n p u l s e - h e i g h t 
s p e c t r a ob ta ined a t d i f fe ren t 
t i m e s a f t e r the f o r m a t i o n of the 
e x c i t e d s t a t e s in Se^'^. The u p p e r 
c u r v e shows the s p e c t r u m a s s o c i ­
a t e d wi th the f a s t c o m p o n e n t , the 
m i d d l e c u r v e tha t a s s o c i a t e d with 
the s low c o m p o n e n t , the l o w e r 
c u r v e that a s s o c i a t e d wi th the r a n ­
dom c o m p o n e n t ( v e r y long t i m e s ) . 

1 1 1 1 1 1 1 
_ 106 X I0"9<t<l26 XI0"1_ 

161 k e V / 

,^fm,v^M'f' 1 
i p 

''''»,(1'^i°4<.„=<w«>L-^ 

Since the e x p e r i ­

m e n t y ie lds t ime s p e c t r a a s we l l 

a s e n e r g y s p e c t r a , it is c o n v e n i ­

ent to look at the p u l s e - h e i g h t 

s p e c t r u m which is in co inc idence with a spec i f ic i n t e r v a l of t i m e . F i g u r e 

6 shows such s p e c t r a . The u p p e r c u r v e shows the s p e c t r u m a s s o c i a t e d 

wi th v e r y s h o r t i n t e r v a l s a f t e r the t ime of the ion b u r s t . T h i s shows one 

pho topeak a t 242 keV due to the g r o u n d - s t a t e t r a n s i t i o n f rom the l o w e r 

l e v e l . The m i d d l e c u r v e shows the p u l s e - h e i g h t s p e c t r u m t aken a f te r the 

f a s t c o m p o n e n t has d e c a y e d but before the slow c o m p o n e n t h a s c o m p l e t e l y 
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d e c a y e d . It shows a p h o t o p e a k a t 249 keV due to the g r o u n d - s t a t e t r a n s i ­

t ion f r o m the u p p e r l e v e l . A n o t h e r pho topeak a t 88 keV c o r r e s p o n d s to the 

t r a n s i t i o n f rom the uppe r l e v e l to the f i r s t e x c i t e d s t a t e . The m i d d l e 

p h o t o p e a k a t 161 keV is due to the d e c a y of the f i r s t e x c i t e d s t a t e wh ich 

h a s a l i f e t ime of 17. 5 s e c . The l o w e r s p e c t r u m w a s t aken a t a t i m e a f t e r 

the slow c o m p o n e n t had c o m p l e t e l y d e c a y e d and shows only the pho topeak a t 

161 keV due to the d e c a y of the l o n g - l i v e d f i r s t e x c i t e d s t a t e . It was u s e d 

for s u b t r a c t i n g b a c k g r o u n d f rom the s p e c t r u m a s s o c i a t e d wi th the s low c o m ­

ponent . F r o m these s p e c t r a , one m a y ob ta in the e n e r g i e s of the g a m m a 

r a y s and the b r a n c h i n g r a t i o of the t r a n s i t i o n s f r o m the u p p e r l e v e l . 

F r o m the t ime s p e c t r a ( F i g . 5) the m e a n life of the s low 

c o m p o n e n t w a s ob ta ined by m e a s u r i n g the r e c i p r o c a l s lope a t t i m e s a f t e r 

the fas t c o m p o n e n t had d e c a y e d . The va lue ob ta ined f rom such m e a s u r e ­

m e n t s w a s T = 13 . 2 ± 1.2 n s e c for the m e a n life of the 249-keV l e v e l . In 

o r d e r to m e a s u r e the m e a n life of the fas t componen t , it is n e c e s s a r y to 

s u b t r a c t the slow c o m p o n e n t f rom the s p e c t r u m . The d i f fe rence is a p u r e 

f a s t s p e c t r u m w h i c h can then be c o m p a r e d wi th the s p e c t r u m of a p r o m p t 

g a m m a r a y of the s a m e e n e r g y . To do th i s , the I B M - 1 6 2 0 c o m p u t e r was 

f i r s t u s e d to g e n e r a t e the p u r e t ime s p e c t r u m D(T) to be e x p e c t e d for a 

g a m m a r a y wi th a l i f e t ime T = 13. 2 n s e c by use of the convolu t ion i n t e g r a l 

^ - t / T 
D(T) = f P ( T - t)e dt, 

w h e r e P( t ) is the m e a s u r e d p r o m p t s p e c t r u m . Then , a f t e r the a m p l i t u d e 

of D(t) was a d j u s t e d to fit the t a i l of the m e a s u r e d s p e c t r u m , it w a s s u b ­

t r a c t e d f rom the m e a s u r e d s p e c t r u m . The r e s u l t a n t p u r e f a s t s p e c t r u m 

w a s then c o m p a r e d wi th a p r o m p t t i m e s p e c t r u m which was t aken a t the 

s a m e e n e r g y by u s i n g a n a r r o w window at 242 keV on p a r t of the C o m p t o n 

d i s t r i b u t i o n f rom the 480-keV g a m m a r a y (T = l O - i ^ sec ) f rom a Lî ^ 

t a r g e t The m e a n life of the 242-keV l eve l was c a l c u l a t e d f r o m the c e n t r o i d 
® • 2 

shift to be 0. 070 ± 0. 05 n s e c . When the p r e v i o u s l i f e t ime da ta a r e c o r -
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r e c t e d for the p r e s e n c e of the s low componen t , they y ie ld T = 0. 075 ± 0. 05 

n s e c in good a g r e e m e n t . The e r r o r s i n d i c a t e d a r e p a r t l y due to e r r a t i c 

f l uc tua t ions in the m e a s u r e m e n t s but a r e m o s t l y due to s y s t e m a t i c e r r o r s 
2 

g e n e r a l l y e n c o u n t e r e d , but only q u a l i t a t i v e l y u n d e r s t o o d . The c a l c u l a ­

t ion a l s o y i e l d e d the r a t i o of the f a s t c o m p o n e n t to the slow one , t h e r e b y 

giving the r e l a t i v e i n t e n s i t i e s of the g r o u n d - s t a t e t r a n s i t i o n s f rom the two 

l e v e l s in the double t . F o r the l a t t e r m e a s u r e m e n t , a b r o a d window was used 

which m o r e than c o v e r e d the p h o t o p e a k . In o r d e r to m i n i m i z e e x c i t a t i o n of 

the 242-keV l e v e l by c a s c a d e f r o m the 4 4 0 - k e V l e v e l , the above da ta w e r e 

t aken wi th a b o m b a r d i n g e n e r g y of only 2. 6 M e V . 

F r o m the t i m e - g a t e d s p e c t r a s i m i l a r to t hose shown in 

F i g . 6, the e n e r g i e s of a l l the g a m m a r a y s and the b r a n c h i n g r a t i o of the 

g a m m a r a y s f rom the u p p e r l e v e l w e r e ob ta ined . F r o m the r e l a t i v e counts 

in the p h o t o p e a k s , the r e l a t i v e g a m m a - r a y y i e ld s w e r e ob t a ined a f t e r the 

following c o r r e c t i o n s v/ere m a d e . 

1. The p r o b a b i l i t y that a g a m m a r a y would be to t a l ly a b s o r b e d 

in the c r y s t a l was c a l c u l a t e d by u s e of a Monte C a r l o c a l c u l a t i o n of M i l l e r 
3 

and Snow on the I B M - 7 0 4 . Th i s was c a r r i e d out for the s c i n t i l l a t o r and 

g e o m e t r i c a r r a n g e m e n t a t the g a m m a - r a y e n e r g i e s of i n t e r e s t . 

2. A c o r r e c t i o n was m a d e for a b s o r p t i o n in the t a r g e t 

a s s e m b l y and s c i n t i l l a t o r window. 

3. A c o r r e c t i o n was m a d e for the shift of the c e n t r o i d of the 

t i m e s p e c t r u m of a p r o m p t g a m m a r a y as the g a m m a - r a y e n e r g y c h a n g e s . 

Th i s e n e r g y dependence is due to the t i m e c o n s t a n t in the s c i n t i l l a t o r . The 

c o r r e c t i o n was c a l c u l a t e d in two w a y s . The s i m p l e r way c o n s i s t s of a p p l y -
- A t / r 

mg a c o r r e c t i o n f ac to r e to the y ie ld of 88 -keV g a m m a r a y s , w h e r e 

the e n e r g y - i n d u c e d t ime shift i s At = t^g - t^^^, in whichT^g is the c e n t r o i d 

of the p r o m p t s p e c t r u m at 88 keV. t^^g is the c e n t r o i d of the p r o m p t 

s p e c t r u m at 249 keV, and T is the m e a n life of the 249-keV l e v e l . A m o r e 

W. F . M i l l e r and W. J . Snow, Rev . Sc i . I n s t r . 31 , 39 ( I960) 
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F i g . 7. T i m e s p e c t r a , c a l c u l a t e d 
with the convolu t ion i n t e g r a l , for 
g a m m a r a y s whose m e a n life is 
13. 2 n s e c and whose e n e r g y is 87 
keV o r 242 keV. 

c a r e f u l c a l c u l a t i o n was m a d e by 

g e n e r a t i n g (as d e s c r i b e d above) 

the t i m e s p e c t r a for T = 1 3 . 2 

n s e c by use of m e a s u r e d p r o m p t 

s p e c t r a t aken at 88 keV and 249 

keV. T h i s is shown in F i g . 7, 

which a l s o shows the p o s i t i o n s of 

the windows for the m i d d l e and 

l o w e r p u l s e - h e i g h t s p e c t r a in 

F i g . 5. F r o m t h e s e c u r v e s , the 

n u m b e r of c o u n t s in e a c h window 

was ob ta ined for e a c h e n e r g y ; and 

the c o r r e c t i o n was c a l c u l a t e d . The r e s u l t s w e r e n e a r l y the s a m e as in 

the s i m p l e r c a l c u l a t i o n . 

4. No c o r r e c t i o n was m a d e for the a n g u l a r d i s t r i b u t i o n of 

the g a m m a r a y s f rom the 249-keV l e v e l . To speed data a c c u m u l a t i o n , 

m o s t of the da ta on this l eve l w e r e t aken with the d e t e c t o r in the f o r w a r d 

d i r e c t i o n w h e r e it sub t ended a so l id angle of n r a d i a n s . If the in i t i a l 

o r i e n t a t i o n of the exc i t ed nuc leus w e r e m a i n t a i n e d unt i l g a m m a r a y s w e r e 

e m i t t e d , one would expec t the i n t ens i t y of the 249-keV g a m m a r a y to be 9% 

g r e a t e r in the f o r w a r d d i r e c t i o n than at 125° . E x p e r i m e n t a l l y , it was 

found tha t the i n t ens i t y was about 10% h ighe r a t 125° . This is p r o b a b l y 

not s ign i f ican t , h o w e v e r , b e c a u s e the e x p e r i m e n t s w e r e p e r f o r m e d at 

d i f fe ren t t i m e s wi th d i f fe ren t d e t e c t o r s . 

5. Rob inson et a l . ' found A^ = 0. 00 ± 0. 1 2 for the 88-keV 

g a m m a r a y and A^ = - 0 . 085 ± 0. 028 for the 242-keV g a m m a . To c o r r e c t 

for th is a s y m m e t r y m the a n g u l a r d i s t r i b u t i o n of the 242-keV g a m m a r a y s , 

the i n t e n s i t y m e a s u r e d in the f o r w a r d d i r e c t i o n m u s t be r e d u c e d by 2. 5%. 

The p r e l i m i n a r y r e s u l t s a r e l i s t e d in Tab le 1. The e n e r g y 

m e a s u r e m e n t s a r e in good a g r e e m e n t wi th those of Rob inson et a l . , 

a l though the t echn ique e m p l o y e d should p e r m i t m o r e a c c u r a c y than we 
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T A B L E I. P r e l i m i n a r y r e s u l t s of m e a s u r e m e n t s . 

Se^'^ 
50 

E (keV) B(E2) ^ ^ ^ ( c m * ) T (n sec ) 1242/^252 ^g i^^2ss 
\ e x c 

242 0. 07 + 0 . 0 5 2 6 . 8 ± 3 0 . 4 8 + 0 . 12 

249 ± 4 1.25 ± 0. 20 13 .2 ± 1. 2 

88 ± 3 1 3 . 2 ± 1.2 

R e v i s e d r e s u l t s of R o b i n s o n , M c G o w a n , and S t e l s o n 

10' '° 
E ( k e V ) B(E2) X - ^ = ^ ( c m 4 ) B(E2) / B ( E 2 ) T (nsec ) 

exc p^ o sp 

242 17 .4 + 1 . 5 4 5 . 4 0 . 0 3 5 ± 0 . 1 7 

249 1 . 38 ± 0 .50 2 . 1 6 

a r e ab le to r e p o r t h e r e . The b r a n c h i n g r a t i o Igg / I ^^g f r o m the 24Q-keV 

leve l is 0 .48 ± 0 . 0 8 . The r e l a t i v e i n t e n s i t y of the g r o u n d - s t a t e t r a n s i t i o n s 

of the doublet i s 1242/1243 = 2 7 + 3 . The m e a n life of the 2 4 9 - k e V l e v e l i s 

13 .2 ± 1.2 n s e c . Tha t of the lower l e v e l i s 0 .075 ± 0 . 0 5 n s e c . F r o m the 

l i fe t ime and b r a n c h i n g r a t i o of the 249-keV l e v e l , B(E2) for e x c i t a t i o n w a s 

ca l cu l a t ed to be 1. 25 X 10^" e ^ c m * . 

Our r e s u l t s a r e in g r o s s d i s a g r e e m e n t wi th the v a l u e s of 
1 

Robinson et a l . for the g a m m a - r a y i n t e n s i t y r a t i o s 133 / 1249 ' ^242/'-249-' 

and the B(E2) for exc i t a t i on for the 249 -keV l e v e l , b e c a u s e t h e i r v a l u e s 

a r e b a s e d on the wrong va lue for the l i f e t ime of the 2 4 9 - k e V l e v e l . When 

the p r o p e r m e a n life T = 13 .2 n s e c is u s e d wi th t h e i r y i e ld da ta , B(E2) 
exc 

for the 249-keV leve l i s c a l c u l a t e d to be (1 . 38 ± 0 . 5 ) X 10-^° e ^ c m * , in 
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r e a s o n a b l e a g r e e m e n t wi th the i ndependen t m e a s u r e m e n t quoted a b o v e . 

S i m i l a r l y , t h e i r va lue for the b r a n c h i n g r a t i o I g e / l 2 4 S b e c o m e s 0 . 3 6 7 , 

and I ll b e c o m e s 18 in f a i r a g r e e m e n t wi th ou r m e a s u r e d v a l u e . On 

the b a s i s of t h e i r m e a s u r e d y ie ld and ou r m e a s u r e d r e l a t i v e i n t e n s i t i e s , 

the B(E2) for the 242-keV l e v e l i s r e d u c e d f r o m 18. 23 to 
exc 

1 7 . 4 X 1 0 - ^ ° e^ cm* . The i n d i r e c t l i fe t im e m e a s u r e d by them is t h e r e b y 

s l igh t ly i n c r e a s e d to 0. 035 ± 0. 017 n s e c . Our d i r e c t l y m e a s u r e d va lue is 

about double th i s , but the l o w e r va lue is m o r e p r o b a b l e b e c a u s e of i t s l o w e r 

quoted e r r o r , 

I_21-10 E x c i t e d S t a t e s of Light Nuc le i (51210-01) 

J . A. W e i n m a n 

D E T E R M I N A T I O N OF L E V E L WIDTHS BY ELASTIC 

SCATTERING FROM THICK T A R G E T S 

In the a n a l y s i s of e l a s t i c - s c a t t e r i n g e x p e r i m e n t s , one f r e ­

quent ly s e e k s to d e t e r m i n e w h e t h e r or not o b s e r v e d d i f f e r en t i a l c r o t s 

s e c t i o n s a r e c o m p a t i b l e wi th those d e r i v e d f rom d i s p e r s i o n t h e o r y . When 

u s i n g so l id t a r g e t s whose t h i c k n e s s (in e n e r g y uni t s ) canno t r e a d i l y be 

m a d e l e s s than the r e s o n a n c e width T, the e n e r g y s p r e a d i n t r o d u c e d by 

t a r g e t t h i c k n e s s , b e a m s t r a g g l i n g , and the e n e r g y s p r e a d of the inc iden t 

b e a m tend to s p r e a d the r e s o n a n c e . A l l of t h e s e f a c t o r s m a y be c o m b i n e d 

and r e p r e s e n t e d e i t h e r by a s q u a r e o r L o r e n t z i a n function wi th an effect ive 

t h i c k n e s s T . T h i s t h i c k n e s s T can be e s t i m a t e d f r o m the o b s e r v e d wid ths 

of n a r r o w r e s o n a n c e s wi th F « T . T h i s note i n d i c a t e s the effect of th i s 

s p r e a d i n g on the m a g n i t u d e of a r e s o n a n c e , i. e. , the d i f f e rence b e t w e e n 

the m a x i m u m and m i n i m u m va lue of the c r o s s s e c t i o n . It can thus be u s e d 

to ob ta in an e s t i m a t e of the va lue of F when F < T , p r o v i d e d that the 

r e s o n a n c e shape c a n be d e r i v e d f r o m d i s p e r s i o n t h e o r y and that one c a n 

m a k e an e s t i m a t e of the d e n s i t y d i s t r i b u t i o n in the t a r g e t . If o the r r e a c t i o n s 
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c o m p e t e with the e l a s t i c s c a t t e r i n g , and the to ta l wid th F h a s b e e n m e a s u r e d 

in a n o t h e r r e a c t i o n , th i s p r o c e d u r e c a n be u s e d to d e t e r m i n e the r a t i o 

r / F w h e r e F is the p a r t i a l width for the p a r t i c l e s c a t t e r e d e l a s t i c a l l y . 
al ' ai 

The d i f f e ren t i a l c r o s s s e c t i o n for e l a s t i c s c a t t e r i n g m a y 

be d e r i v e d f rom d i s p e r s i o n t heo ry for w e l l - i s o l a t e d l e v e l s . The e l a s t i c -

s c a t t e r i n g c r o s s s ec t i on r e p r e s e n t s i n t e r f e r e n c e b e t w e e n C o u l o m b s c a t t e r ­

ing, n o n r e s o n a n t n u c l e a r s c a t t e r i n g , and r e s o n a n t s c a t t e r i n g . T h i s i n t e r ­

f e r e n c e p r o d u c e s a m y r i a d of r e s o n a n c e s h a p e s . " The t h e o r e t i c a l e x p r e s s i o n s 

m a y be a p p r o x i m a t e d by H a e b e r l i ' s e x p r e s s i o n 

k"" - ^ (e ) = A + B s in^ (2t,+ y), (1) 

w h e r e 

d u '-
A + B 

2 do-
doo 2 

m i n i m u m . m a x i m u m 

The s lowly v a r y i n g n o n r e s o n a n t da ta fix y t h r o u g h the r e l a t i o n s 

2 , 2 do- , . 
A + B s in y = k --— (e) 

du 
R u t h e r f o r d + n o n r e s o n a n t 

and 

i = \ t a n - l [ i r / ( E ' - , ) ] . 

When s p r e a d by an effect ive s q u a r e funct ion c o r r e s p o n d i n g to t h i c k n e s s 

T, the o b s e r v e d d i f fe ren t i a l c r o s s s e c t i o n wi l l be 

H. T. R i c h a r d s in N u c l e a r S p e c t r o s c o p y , ed i t ed by F . A j z e n b e r g -
Selove (Academic P r e s s , New York, I960) , Vol . 1, p . 127. 
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do-

d(<J 
(E) = i / 

E + i T 
'^ 4 ^ ( 0 d . = - ^ 4 - ^ s inN 

dlO ,.2 , 2 

(2) 

E - i T 
k^ 

T3-I-l I 

+ ( c o s Zy) a r c t a n 

2 T k ^ 

2 ( E ' - E ) - l - T 2 ( E ' - E ) - T 

a r c t a n • 

B r 
+ ( s i n 2 Y ) l o g -

4 T k 2 

p s + [ 2 ( E ' - E ) + T ] ' 

T^ + [ 2 ( E ' - E ) - T ] ' 

T h e r a t i o R , d e f i n e d a s 

^ <-.)! 
do-

do) ( E ^ ) ! 

do) -'• 
^ — ( ^ J . ) , 

dio 2 I m i n 

(3) 

do-

dco 
( E l 

do-

d u 
( E 2 ) 

i s p l o t t e d i n F i g . 8 a s a f u n c t i o n of T / r w i t h y a s p a r a m e t e r . 

If a L o r e n t z i a n f u n c t i o n of t h e f o r m 

T 
2TT (E - E)^ + i T ^ 

is a s s u m e d to d e s c r i b e the effect ive d e n s i t y d i s t r i b u t i o n of the t a r g e t , 

then 
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-
-
-
-
-

F i g . 8. The magn i tude of a r e s o n ­
a n c e , defined as the d i f f e r ence 
be tween the m a x i m u m and m i n i m u m 
va lue of the c r o s s s e c t i o n , i s 
s p r e a d by a th ick effect ive t a r g e t . 
T a r g e t t h i c k n e s s is g iven in 
un i t s of r e s o n a n c e width . The 
c u r v e s a r e given for effect ive t a r ­
ge t s wi th s q u a r e and L o r e n t z i a n 
d e n s i t y d i s t r i b u t i o n s . 

do-
( E ) = T 

27rk2 

[ A -f B s in^(y +2^)] 

(E - Ef -I- i T = 
(4) 

This e x p r e s s i o n was n u m e r i c a l l y i n t e g r a t e d to find the 

s p r e a d i n g r a t i o R defined in Eq. (3). F i g u r e 8 a l s o i n c l u d e s a p lo t of R as 

a function of T / F for the L o r e n t z i a n funct ion. 
o 

It wil l be noted that R has the s a m e va lue for y, 90 - y, 
o o 

90 + y, and 180 - y when the r e s o n a n c e is s p r e a d by a s q u a r e t a r g e t , and 

that R is independent of y when the r e s o n a n c e is s p r e a d by a L o r e n t z i a n 

t a r g e t . 

The s h a p e s of the r e s o n a n c e s s p r e a d by t h e s e funct ions r e ­

ta in the s a m e qual i ta t ive f e a t u r e s as the r e s o n a n c e s d e r i v e d f r o m d i s p e r ­

s ion t h e o r y . However , d i s t o r t i o n s a r e i n t r o d u c e d if the t a r g e t is n o n u n i ­

f o r m . 
The following i so l a t ed r e s o n a n c e s in Si2S s e r v e to i l l u s t r a t e 

the r e l i a b i l i t y of this me thod for d e t e r m i n i n g the r a t i o F / F f rom 
ai 

e l a s t i c - s c a t t e r i n g r e s o n a n c e s s p r e a d by a th ick t a r g e t . Since the 

Mg24(a,p)A127 r e a c t i o n could c o m p e t e wi th the e l a s t i c - s c a t t e r i n g p r o c e s s , 

it was p o s s i b l e to d e t e r m i n e the r a t i o F / F only for r e s o n a n c e s for wh ich 

r was known f rom r a d i a t i v e - c a p t u r e r e a c t i o n s . Al though the r e s o n a n c e s in 
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Si28 which were studied by Mg24(a,a)Mg24 elastic scattering were also 

observed in the Mg24(a,Y)Si28 ,"" Al2-^(p,y)Si28 , ̂  Mg2'*(a, p)A127 , and 

A.127(p^a)Mg24 react ions , the parameters of only two resonances were 

sufficiently redundant to allow a comparison between the value of T^^/T 

derived by this method and F JT obtained from other measurements . 
' ai 

The differential cross section for elastic scattering was 

determined graphically for various ratios T^^j/T- The quantum-

mechanical expression for the elastic scattering of alpha particles by 

Mg24 (spinless particles on spinless nuclei) is given in the one-level 
6 

approximation by 

( € ) 
a 2 I 

— CSC / — 1 exp 
1'-
2 , 

+ ^ ( 2 1 + D e ' ^ ' ^ ^ 
i = 0 

X exp[ i (2f , + r,^)] f P ^ ( c o s e ) 

ia In CSC 
^)\ 

via) ) °-i f^ s in (2 ;+ ^^) 

(5) 

""p. J. M. Smulders and P . M. Endt, Physica ^ , 1093 (1962); J. A. 
Weinman, L. Meyer-Schutzmeis ter , L. L. Lee , J r . , a n d S . S. Malik, 
Bull. Am. Phys . Soc. 1_, 73(1962). 

3 11 ,1 II 

S. L. Andersen, H. Bo, T. Holtebekk, O. Lonsjo, and R. Tangen, 
Nuclear Phys. % 509 (1958/59). 

^S. G. Kaufmann, E. Goldberg, L. J. Koes ter , a n d F . P . Mooring, 
Phys . Rev. 88, 673 (1952). 

^S. L. Andersen, A. Haug, T. Holtebekk, 6 . Lonsjo, and R. Nord-
hagen, Physica Norvegica Ĵ , 1 (1961). 

"̂ R. G. Sachs, Nuclear Theory (Addison-Wesley P r e s s , Cambridge, 
1953). 
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H e r e k is the r e l a t i v e wave n u m b e r ; a = Z ' Z " e 2 M / f i ^ k w h e r e Z ' and Z " 

a r e the c h a r g e s of the t a r g e t and p r o j e c t i l e , and M is the r e d u c e d m a s s of 

the a l p h a - M g 2 * s y s t e m ; 9 is the c e n t e r - o f - m a s s s c a t t e r i n g a n g l e ; 

,2i(Tli -Tlo) ^ Jl (LLlEi 
xt - l a 

r is the p a r t i a l width for a l phas f rom the l e v e l E of the compound 
a i ^ 

nucleus; and F = / F , w h e r e s r uns ove r a l l open c h a n n e l s . 
^ s s 

T h e r e s o n a n t p h a s e s h i f t i s 

?, = i t a n - l [ i r / ( E ' - c ] . 

H e r e E ' = E + T y Q F , w h e r e Q = - F (a ) / G (a ) , w i t h F 
r ' - 's s s s SS S O S S O S s 

a n d G d e f i n e d i n r e f e r e n c e 6 . [ T h e s e f u n c t i o n s d i f f e r f r o m t h e u s u a l l y 
s i 

t a b u l a t e d f u n c t i o n s b y a f a c t o r (M / f t k ) ^ . ] 

T h e p o t e n t i a l p h a s e s h i f t i s C . = t a n " - " - Q . . , w i t h 

Q = - F (a )/*J|, (^ I )• H e r e F a n d G a r e t h e r e g u l a r a n d i r ­

r e g u l a r C o u l o m b f u n c t i o n s d e f i n e d in r e f e r e n c e 6 . 

H a e b e r l i ' s a p p r o x i m a t i o n (1) w a s t h e n f i t t e d t o t h e t h e o ­

r e t i c a l c r o s s s e c t i o n ( 5 ) . T h e o b s e r v e d w i d t h s of t h e n a r r o w r e s o n a n c e s 

in t h e e l a s t i c - s c a t t e r i n g e x p e r i m e n t w e r e a s s u m e d t o b e e n t i r e l y d u e 

t o t a r g e t t h i c k n e s s a n d s t r a g g l i n g i n a n e x c e s s i v e l y t h i c k t a r g e t (T = 13 

k e V ) . T h e s q u a r e d e n s i t y - d i s t r i b u t i o n f u n c t i o n w a s a s s u m e d a p p l i c a b l e 

t o t h i s a n a l y s i s . T h e r a t i o F / F c o u l d t h e n b e d e t e r m i n e d f r o m t h e 

a i 
va lues of T, F , y, and R by m e a n s of F i g . 8. 

Table II c o m p a r e s the r e s u l t s of t h i s p r o c e d u r e for d e t e r -
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mining F /F with this ratio derived from other measurements. 
ai 

The present method displays somewhat greater internal 

consistency for resonances with widths F exceeding 2 keV than for the nar­

row resoances cited in Table II. 

TABLE II. Comparison of I^./P from elastic 
scattering with the value from other measurements. 

E (MeV) i"" F(keV) F /r(elastic) F /F (other) 
alab ' ai ai 

3. 213 ± 0.007 

3.418 ± 0.007 

z' 
2 + 

0. 71 ± 0. 13^ 
c 

~ 1. 1 

0.4± 0. 2 

0.3 ± 0. 2 

0.6^ 

0.5^ 

Reference 3. 

Reference 2. 

Reference 5. 

l-Zl-i Studies of Deuteron-Induced Reactions (51210-01) 

J. P. Schiffer, L. L. Lee, Jr . , and B. Zeldman 

A STUDY OF THE Ca(d, d)Ca AND Ca40(d, p)Ca4i REACTIONS 

In recent years the Distorted-Wave Born Approximation 

(DWBA) has been used to obtain theoretical fits to experimental results 

from stripping and pickup reactions. Our present experiment is intended 

to test the theory's predictions of absolute cross sections and shapes of 

angular distributions over a range of deuteron energies. Preliminary re­

sults are reported here. 

The Ca*''(d, p)Ca*i reaction was chosen for study because 

some of the low-lying final states in Ca"*! are believed to be very nearly 

good single-particle states. In particular, the Ca*i ground state should 
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con t a in the e n t i r e 1 i^ s t r i p p i n g width and exc i t ed s t a t e s a t 1. 95, 2. 45 , 

and 3. 95 MeV should c o n t a i n a l m o s t the full p - w a v e width, with the 1 Pg.g 

s t r e n g t h c o n c e n t r a t e d in the s t a t e a t 1.95 MeV exc i t a t ion . In th is c a s e 

then , the " s p e c t r o s c o p i c f a c t o r s " for the (d, p) r e a c t i o n can be a s s u m e d 

to be known so that the DWBA c a n be u s e d to p r e d i c t exac t a b s o l u t e c r o s s 

s e c t i o n s . 

The DWBA c a l c u l a t i o n s u s e an o p t i c a l p o t e n t i a l to d e s c r i b e 

the d i s t o r t i o n of the inc iden t wave by the n u c l e u s . It is n e c e s s a r y , t h e r e ­

f o r e , to f i r s t m e a s u r e the e l a s t i c d e u t e r o n s c a t t e r i n g f r o m the nuc l eus 

u n d e r i n v e s t i g a t i o n and u s e t he se r e s u l t s to ob ta in p a r a m e t e r s for an opt ica l 

p o t e n t i a l . T h e s e p a r a m e t e r s can then be u s e d , wi thou t f u r t h e r f i t t ing, in 

DWBA c a l c u l a t i o n s to p r e d i c t the d i f f e r en t i a l c r o s s s e c t i o n s for the (d, p) 

r e a c t i o n . The f ea s ib i l i t y of th is a p p r o a c h is then i n d i c a t e d by the fit b e ­

tween t h e s e p r e d i c t i o n s and the o b s e r v e d e x p e r i m e n t a l r e s u l t s . 

We have u s e d the d e u t e r o n b e a m f r o m the A r g o n n e t a n d e m 

Van de Graaff g e n e r a t o r to b o m b a r d n a t u r a l Ca t a r g e t s a t d e u t e r o n e n e r g i e s 

of 7. 0, 8 .0 , 9 .0 , 1 0 . 0 , 1 1 . 0 , and 12. 0 MeV. S e m i c o n d u c t o r c o u n t e r s w e r e 

u s e d to de t ec t the r e a c t i o n p r o t o n s and e l a s t i c a l l y s c a t t e r e d d e u t e r o n s . The 

t a r g e t s w e r e thin r o l l e d foils of n a t u r a l Ca about 60 keV th i ck to the d e u t e r o n 

b e a m . M e a s u r e m e n t s w e r e m a d e over an a n g u l a r r a n g e f r o m 10 to 168 . 

Abso lu te c r o s s s e c t i o n s w e r e ob ta ined f rom c o m p a r i s o n wi th the C o u l o m b 

s c a t t e r i n g of 4- , 5-, and 6-MeV alpha p a r t i c l e s in the s a m e g e o m e t r i c 

a r r a n g e m e n t . 

The r e s u l t s for the e l a s t i c d e u t e r o n s c a t t e r i n g , p l o t t e d r e l a ­

t ive to the c r o s s s ec t i on for R u t h e r f o r d s c a t t e r i n g , a r e shown in F i g . 9. 

E x c e p t w h e r e shown, the e r r o r s a r e of the o r d e r of the s i z e of the p o i n t s . 

The abso lu te c r o s s s ec t i ons a r e b e l i e v e d to be a c c u r a t e to abou t 5%. P r o ­

ton a n g u l a r d i s t r i b u t i o n s w e r e m e a s u r e d for the four m o s t p r o m i n e n t 

g roups f rom Ca41_ c o r r e s p o n d i n g to Q v a l u e s of 6. 14, 4 . 1 9 , 3 . 6 7 , and 

2. 19 MeV. The m e a s u r e d d i f fe ren t i a l c r o s s s e c t i o n s for the Q = 6. 14 

and 4. 19 MeV g roups a r e shown in F i g s . 10 and 11, r e s p e c t i v e l y . H e r e 
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the a b s o l u t e c r o s s s e c t i o n s a r e b e ­

l i e v e d a c c u r a t e to 10% or b e t t e r . We 

expec t to i m p r o v e th is p r e c i s i o n 

wi th f u r t h e r m e a s u r e m e n t s . 

G. R. S a t c h l e r and 

h i s c o l l a b o r a t o r s at Oak Ridge 

Na t iona l L a b o r a t o r y a r e now a n a l ­

yz ing the above da ta . P r e l i m i n ­

a r y r e s u l t s for the e l a s t i c d e u t e r o n 

s c a t t e r i n g have y i e lded s e v e r a l 

s e t s of p a r a m e t e r s for the op t i ca l 

p o t e n t i a l tha t give a p p r o x i m a t e l y 

equa l ly good fits to the m e a s u r e d 

d i f f e ren t i a l c r o s s s e c t i o n s . T h e r e 

is u s u a l l y no s m o o t h v a r i a t i o n of 

of t he se p a r a m e t e r s wi th 

e n e r g y . In p a r t i c u l a r , 

the b e s t - f i t r a d i u s of the 

po t en t i a l we l l c h a n g e s by 

a s m u c h a s 30% f rom 8 to 

12 MeV. A l s o , a l l of the 

r a d i i that give good fits 

a r e unusua l ly s m a l l , wi th 

RQ of the o r d e r of 1. 0 

f e r m i . 

The 

t h e o r e t i c a l p r e d i c t i o n s 

for the (d, p) d i f f e r en ­

t i a l c r o s s s e c t i o n s o b ­

t a ined f rom the p r e l i m ­

i n a r y s e t s of op t i ca l 

I 
* ' 04 

M i l l 
I--

I I I 

E .'10.0 MeV 

I I I I I 

0 30 60' IZO" 150° 0* 30' 

F i g . 9. E l a s t i c s c a t t e r i n g of 
d e u t e r o n s f rom Ca, p lo t t ed r e l a ­
t ive to the R u t h e r f o r d c r o s s 
s e c t i o n for the l a b o r a t o r y e n e r ­
g ies i nd i ca t ed . The thin Ca foil 
t a r g e t was about 60 keV th ick to 
the inc iden t d e u t e r o n s . 

1000 

50O 

'r-° 

1 — i I I 

E =7.0 MeV 

' M M 

1.0-

05-

-\—I—I—I—r 

M i l l 
"-* E.-11.0 MeV 
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F i g . 10. C e n t e r - o f - m a s s d i f f e ren t i a l c r o s s 
s e c t i o n s for the Q = 6. 14 MeV group f rom 
the Ca*0(d, p)Ca-*3 r e a c t i o n . The t a r g e t 
is the s a m e a s u s e d for F i g . 9. 
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F i g . 11 . C e n t e r - o f - m a s s d i f fe ren t ia l c r o s s 
sec t ions for the Q = 4. 19 MeV group 
f rom the Ca*" (d, p)Ca4 i r e a c t i o n with 
the s a m e t a r g e t as for the p r e v i o u s 
f igure s. 

p a r a m e t e r s have b e e n c a l ­

cu la ted for the Q = 6 . 1 4 

MeV and Q = 4. 19 MeV 

g r o u p s . In t h e s e c a l c u l a ­

t ions the Q = 6. 14 MeV 

g roup was a s s u m e d to con ­

ta in the e n t i r e 1 f̂ , s t r i p ­

p ing width and the Q = 4. 19 

MeV group was a s s u m e d to 

con ta in the e n t i r e 2p^-

s t r i p p i n g w i d t h . When no 

cutoff i s u s e d for the r a d i a l 

i n t e g r a t i o n , the fi ts to the 

m e a s u r e d r e s u l t s a r e 

u s u a l l y v e r y poor both in 

shape and a b s o l u t e c r o s s 

s e c t i o n . I n t r o d u c t i o n of 

a cutoff a t about the n u c l e a r 

r ad ius gives r a t h e r good fits to the f i r s t m a x i m a of the p r o t o n a n g u l a r 

d i s t r i bu t ions but p o o r e r fits at l a r g e r a n g l e s . The a g r e e m e n t b e t w e e n the 

m e a s u r e d and p r e d i c t e d abso lu te c r o s s s ec t i ons on the s t r i p p i n g m a x i m u m 

v a r i e d with deu te ron e n e r g y and choice of p o t e n t i a l . On the a v e r a g e , the 

two a g r e e d to within 30% with much b e t t e r a g r e e m e n t in s o m e c a s e s . 
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1-31-3 Elast ic Scattering of Protons (51210-01) 

L. L. Lee , J r . and J. P . Schiffer 
Reported by J . P . Schiffer 

A TEST OF THE STATISTICAL NATURE OF FLUCTUATIONS 

IN NUCLEAR CROSS SECTIONS 

The stat is t ical fluctuation of nuclear c ross sections has been 

discussed in some detail by Er icson . His discussion depends strongly on 

the detailed validity of the stat is t ical assumption that levels a re spaced 

randomly and furthermore that the widths of levels a r e also distributed at 

random. It is the purpose of this note to point out that this assumption 

does not seem to be valid in at least two cases in which compound nuclei 

with A = 60 were excited to energies of 10 — 15 MeV. The assumption of 

a random distribution implies that the observed fluctuations of an experi ­

mental c ross section as the energy changes will be inversely proportional 

to the square root of the experimental resolution width AE whenever AE 

is comparable to or greater than the true period of the fluctuations. 

It is clear that this rule will be obeyed only if the levels in 

the compound nucleus a re distributed completely at random. If there is 

any tendency for strongly populated levels to cluster together , as may 

occur in some c a s e s , ^ one may well observe gross fluctuations which 

a re in fact not the s tat is t ical ones discussed by Er icson . 

The resu l t s reported here a re derived from a detailed study 
3 

of the elast ic scattering of protons from Ni and Cu isotopes . Excitation 

^T. E r i c son , "Advances in P h y s i c s , " Phi l . Mag. Suppl. % 425 
(I960). 

^A. M. Lane, R. G. Thomas , a n d E . Wigner, Phys . Rev. 98 ,̂ 693 
(1955). 

^L. L. Lee , J r . , J . P . Schiffer, and J. R. E r sk ine , Bull . Am. Phys . 
Soc. 7, 532 (1962). 
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F i g . 12. Exc i t a t ion function a t 
90 of the e l a s t i c s c a t t e r i n g 
of p ro tons f rom Ni^8 and 
N i s " . The t a r g e t t h i c k n e s s 
was 3 .32 m g / c m ^ for Ni^^ 
and 5.06 m g / c m ^ for N i ^ " , 
a p p r o x i m a t e l y 100 and 150 
keV. 

funct ions for the 90° s c a t t e r i n g f r o m 

Ni, shown in F i g . 12, i n d i c a t e tha t 

the c r o s s s ec t i ons do in fact f luc tua te , 

s e e m i n g l y with p e r i o d s which a r e 2 

to 3 t i m e s the e x p e r i m e n t a l r e s o l u ­

t ion w i d t h s . E r i c s o n ' s p a p e r c o n ­

s i d e r e d only r e a c t i o n c r o s s s e c t i o n s . 

As long a s one is c o n s i d e r i n g only the 

p e r i o d s of f luc tua t ions or t h e i r r e l a ­

t ive a m p l i t u d e s , h o w e v e r , it is c l e a r 

that the s t a t i s t i c a l t r e a t m e n t wi l l 

app ly equa l ly we l l to e l a s t i c s c a t t e r i n g . 

It i s only in the a b s o l u t e magn i tude 

of the f luc tua t ions that the n o n r e s o n ­

ant po ten t i a l and R u t h e r f o r d s c a t t e r i n g wi l l p l ay a r o l e , s i m i l a r to the 

ro le of d i r e c t componen t s in r e a c t i o n s . 

An e x a m i n a t i o n of F i g . 12 wi th a knowledge of the t a r g e t 

t h i cknes s would lead one to conclude that the m e a n width of the l e v e l s is 

about 250 keV and thus one would be led to conc lude that the s o - c a l l e d 

" l i fe t ime of the compound s y s t e m " is of the o r d e r of 2 X lO"^-"- s e c . 

F i g u r e 13 shows two exc i t a t ion funct ions of the p r o t o n s c a t t e r i n g f r o m 

Ni^s , one taken with a r e s o l u t i o n width of 6 keV and the o t h e r wi th 120 

keV. It is c l e a r that while the lower c u r v e a p p e a r s to show about one and 

a half r e s o n a n c e s the upper c u r v e i nd i ca t e s that th is s t r u c t u r e is in fac t 

c a u s e d by many n a r r o w r e s o n a n c e s with wid ths of 8—15 keV or l e s s . It 

is c l e a r that the e s t i m a t e of the l i fe t ime would have been in e r r o r by at 

l e a s t a fac tor of 20. 

The next quant i ty one can compute is the r . m . s. f luc tua t ion 

in the c r o s s sec t ion . Since the e n e r g y i n t e r v a l is s m a l l , the c o n t r i b u t i o n 

of the ene rgy v a r i a t i o n of the n o n r e s o n a n t s c a t t e r i n g can be a s s u m e d to be 

neg l ig ib le . If one a s s u m e s (as is i nd ica ted by the data) that the t r u e 
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average width of the fluctuations is 

equal to or less than 6 keV, the ex­

pected ratio of the r . m . s . fluctu­

ations would be N/ 1 25/6 = 4. 5 or 

la rger . The actual r . m . s , devia­

tions were 33.3% and 16.75% so 

their ratio is 2. 0. In other words, 

one would have expected that a 

twenty-fold increase in the ex­

perimental resolution width 

would have decreased the ob­

served fluctuations by a factor of 

4. 5. The fact that the fluctu­

ations are only decreased by a 

factor of two indicates that in this 

case the compound nucleus is not 

well represented by the complete 

randomness of the statistical 

model but that some residual in-

4fcBV TARGET THICKNESS 

. ^ • > • / ' " ' • . 

^./W.... 

120 heV TARGET THICKNESS 

PROTON ENERGY, Me\ 

Fig. 13. Excitation function at 90 of 
the elastic scattering of protons 
from Ni^s between incident-pro­
ton energies of 7. 0 and 7. 5 MeV. 
The upper curve was taken with a 
target thickness of 4 keV and an 
experimental resolution of 6—7 
keV. The lower curve was taken 
with the same target as the one 
used in Fig. 12. It was about 
120 keV thick. 

teractions cause clustering of 

strong levels which in turn give r ise to gross fluctuations. The lifetime 

that would be deduced from the periods of these gross fluctuations is in 

fact indicative of the lifetime of a corresponding simple configuration in 

nuclear mat ter . Whether these are simply the single-particle states of 

Lane, Thomas, and Wigner or slightly more complicated configurations 

is not entirely c lear . 

Similar results have been obtained at the higher bombarding 

energies and also in the fluctuations of the proton-scattering cross section 

for Ni^o. It is clear that the assumption of complete randomness, which 

is basic to the statistical model, is invalid in these cases . It would seem 

that experimental data must be treated with great care if the gross 
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f luc tua t ions due to the effects of n u c l e a r s t r u c t u r e a r e to be d i s t i n g u i s h e d 

f rom the fine f luc tua t ions of the type d i s c u s s e d by E r i c s o n . O b s e r v e d 

f luc tua t ions of the o r d e r of 2 — 3 t i m e s the e x p e r i m e n t a l r e s o l u t i o n wid th 

m a y well be of the f o r m e r r a t h e r than the l a t t e r k ind . 

1-55-12 C a p t u r e G a m m a - R a y S p e c t r a for N e u t r o n s wi th E n e r g i e s 
f rom 0. 1 to 10 eV (51210-01) 

S. Raboy and C . C. T r a i l 

C A P T U R E GAMMA RAYS F R O M Ca44 

Two sc in t i l l a t ion c o u n t e r s of Na l (T l ) wi th a n t i c o i n c i d e n c e 

annuli of Nal(Tl) a r e used to s tudy the c a p t u r e g a m m a r a y s f rom Ca'*'*. 

Both coun t e r s a r e b u r i e d within a m a s s i v e s h i e l d . F i g . 14, which c o n s i s t s 

SCINTILLATION COUNTER SHIELD 

TO ELECTRONICS 

of c o n c e n t r i c c y l i n d e r s of paraff in 

(6 in . t h i ck ) , and b o r o n c a r b i d e (1 in. 

th ick) , lead (9 in . t h i c k ins ide a s t ee l 

cy l inde r 1 in . t h i c k ) , and f ina l ly ach 

coun te r has i t s own c y l i n d r i c a l sh ie ld 

of l i th ium c a r b o n a t e . The neu t ron 

beam e n t e r s a s lo t t ed channe l p e r p e n ­

d i c u l a r to the ax i s of the c y l i n d e r and 

s t r i k e s a t a r g e t in the channe l p l aced 

on the ax i s of the c y l i n d e r . The s l o t ­

ted channe l is l ined with b o r a l . I m ­

m e d i a t e l y in front of each coun te r is a lead c y l i n d e r , 2 in . th ick and 10 in . 

in d i a m e t e r with a hole in the c e n t e r with a d i a m e t e r of 1. 5 in. B e t w e e n 

the lead and the t a r g e t is p laced a sh ie ld of l i th ium c a r b o n a t e e n r i c h e d to 

95% Li's . T'ne Lis shield is 1 in . t h i ck . 

This sy s t em of shie ld ing m a k e s p o s s i b l e the s tudy of 

cap tu re g a m m a r a y s in m a t e r i a l s with v e r y low a b s o r p t i o n c r o s s s e c t i o n . 

F i g . 14. Shield for sc in t i l l a t ion 
counte r . 
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F i g u r e 15 is the s p e c t r u m obta ined 

f rom a g r a p h i t e t a r g e t . The g a m m a 

r a y s f rom the C ^ ( n , y ) C i 3 r e a c t i o n 

a r e s e e n e a s i l y . It should be noted 

tha t the c a p t u r e c r o s s s e c t i o n in C^ 

is 3 m b . 

The c a l c i u m s a m p l e 

e n r i c h e d in Ca** was p l aced in the 

b e a m and o b s e r v a t i o n s w e r e m a d e on 

the c a p t u r e g a m m a r a y s . F i g u r e 16 

shows a s i n g l e s s p e c t r u m of Ca** . 

M o r e than 20 g a m m a r a y s a r e s e e n . 

P r e l i m i n a r y e n e r g y d e t e r m i n a t i o n s 

w e r e m a d e by c a l i b r a t i n g wi th F e ( n , y) 

S(n, y) , a n d H ( n , y) . An Yss s o u r c e 

was a l s o u s e d . 

The 2-D s y s t e m 

was u s e d to s tudy c o i n c i d e n c e s 

of the g a m m a r a y s f rom 

Ca4 5 . This s y s t e m is in 

effect a 4 - c h a n n e l a n a l y ­

z e r in c o i n c i d e n c e with 

128 c h a n n e l s . The output 

of one c o u n t e r is fed to a 

1 0 0 - c h a n n e l a n a l y z e r . 

Th i s a n a l y z e r can be d i v i ­

ded into four windows of 

any wid th in the 1 0 0 - c h a n ­

nel r a n g e . Thus we can 

s e l e c t 4 r e g i o n s of the s p e c ­

t r u m and s e a r c h for 

lOr-r 

9 -

8 -

p I I M I I I I I I I I I 

4 ,43 MeV 

C (n,n)C 

7.6 MeV 
FeCn.yO 

0 50 100 150 200 250 
PULSE HEIGHT (Channel Number) 

F i g . 15. G a m m a r a y s f rom 
c a r b o n t a r g e t . Da ta c o l l e c ­
ted in 16 h o u r s . 
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F i g . 16. S p e c t r u m of c a p t u r e g a m m a 
r a y s f rom Ca** . The full e n e r g y 
r a n g e is about 8 M e V . 
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c o i n c i d e n c e s with t h e s e 4 r e g i o n s . E a c h of t h e s e windows g a t e s a bank of 

128 channe l s in a 5 12-channel a n a l y z e r . The p u l s e s f rom the s e c o n d 

coun te r a r e fed into the 5 1 2 - c h a n n e l a n a l y z e r and a r e r e c o r d e d in the 

a p p r o p r i a t e bank of 128 c h a n n e l s . 

Tab le III l i s t s the g a m m a r a y s d e s i g n a t e d by l e t t e r . 

TABLE III. G a m m a r a y s o b s e r v e d in the s i n g l e s 
s p e c t r u m of Ca*'^ . The l e t t e r d e s i g n a t i o n s c o r r e s p o n d 
to F i g . 16. 

Des igna t ion 

A 

B 

C 

D 

E 

F 

G 

H 

I ( ? ) 

J 

K 

L 

M 

E n e r g y (MeV) 

0 . 8 4 

0 .95 

1. 14 

1. 26 

1.41 

1.73 

1.81 

2. 17 

2 . 4 1 

2 . 6 3 

2 .86 

3. 12 

3. 28 

D e s i g n a t i o n Ene rgy (MeV) 

N 

O 

P 

Q 

R 

S 

T 

U 

V 

W 

X 

Y 

3 . 4 3 

4 . 0 4 

4 . 26 

4 . 35 

4 . 9 6 

5. 16 

5 . 5 0 

6 . 0 4 

6 . 4 8 

6 . 8 5 

7. 27 

7 . 5 6 

F i g u r e s 17 — 22 r e p r e s e n t a s e r i e s of s p e c t r a in c o i n c i d e n c e wi th s e l ­

ec ted y r a y s . Much m o r e co inc idence w o r k is r e q u i r e d b e f o r e a s a t i s ­

f a c t o r y a n a l y s i s of the d e c a y s c h e m e can be m a d e . A p r e l i m i n a r y s c h e m e 

is offered in F i g . 23. This is e x t r e m e l y f r agme n t a r y . As i n t e n s i t i e s a r e 

ca l cu l a t ed and addi t iona l co inc idences a r e s tud ied , add i t i ona l l e v e l s wi l l 

be d i s c o v e r e d . 
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Fig . 17. Spectrum in 
coincidence with 
peak A of Fig. 16. 
The full energy 
range is about 8 
MeV. 

Fig. 18. Spectrum in 
coincidence with 
peak F of Fig . 16. 
The full ene rgy 
range is about 8 MeV. 
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Fig. 19. Spectrum in 
coincidence with 
peak H of Fig. 16. 
The full energy 
range is about 8 
MeV. 
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Fig. 20. Spectrum in 
coincidence with 
peak T of Fig. 16. 
The full energy 
range is about 8 
MeV, 
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F i g . 2 1 . S p e c t r u m i n 
c o i n c i d e n c e w i t h 
p e a k T of F i g . 16 . 
T h e f u l l e n e r g y 
r a n g e i s 1 M e V . 
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F i g . 22. S p e c t r u m in c o i n c i ­
dence wi th peak U of F i g . 16. 
The full e n e r g y r a n g e is 
about 8 M e V . 

F i g . 23 . P a r t i a l d e c a y s c h e m e 
of Ca45 . This is to be c o n ­
s i d e r e d v e r y p r e l i m i n a r y . 
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Table IV summarizes our knowledge of coincidences 

as of this date. 

TABLE IV. Summary of coincidence data. 
The letter designations correspond to F ig . 16. 

Coincidences 
Gamma ray 

A ' 

A 

C 

D 

D' (?) 

E 

F 

G 

I 

K 

L 

O 

Q 

S 

T 

Coincidence 
Gamma ray 

A ' 

A 

B 

C 

D 

E 

with A(0 .840 MeV) 
Energy (MeV) 

with H(2. 

0. 45 0 

0. 840 

1. 14 

1. 26 

1. 30 

1.41 

1. 73 

1.81 

2.41 

2. 86 

3. 12 

4. 04 

4. 35 

5. 16 

5.50 

17 MeV) 
Energy (MeV) 

0.450 

0. 840 

0. 950 

1. 14 

1. 26 

1.41 

Coincidences 
Gamma ray 

C 
G 

A " 

A ' 

C 

D ' 

E ' 

F(acc) 

I 

J 

K 

O 

R 

T 

oincidence 
amma ray 

A^^ 

A'" 

A" 

A ' 

A 

D' 

with F ( l .73 MeV) 
Energy (MeV) 

with T(5. 
Ener 

0. 250 

0.450 

1. 14 

1. 30 

1.50 

1. 73 

2.41 

2.63 

2.86 

4.04 

4.96 

5.50 

50 MeV) 
gy (MeV) 

0.040 

0. 130 

0. 25 

0.450 

0.84 

1. 30 
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TABLE IV. (cont 'd) 

Coinc idence with H(2. 17 MeV) C o i n c i d e n c e wi th T(5 . 50 MeV) 
G a m m a r a y E n e r g y (MeV) G a m m a r a y E n e r g y (MeV) 

F 1.73 E ' 1.50 

G 1.81 F 1.73 

H 2 .17 G 1.81 

I 2 . 41 

K 2.86 

L 3. 12 

M 3. 28 
C o i n c i d e n c e wi th U(6 . 04 MeV) 
G a m m a r a y E n e r g y (MeV) 

M' 3. 10 

N 3 .43 A ' 0 .45 

O 4 . 0 4 A 0 .840 

P 4. 26 D , 1. 26 

Q 4 . 3 5 

S 5 . 1 1 

1-57-1 M u - M e s o n i c X Rays from A t o m s wi th 7 < Z $ 30 (51210-01) 

C. S. Johnson and H. L . A n d e r s o n , 
E . P . H i n c k s , t S. R a b o y , a n d C . C . T r a i l 

R e p o r t e d by S. Raboy and C . C . T r a i l 

1. INTRODUCTION 

When a muon c o m e s to r e s t in a s topping m a t e r i a l , a 

m e s o n i c a tom is f o r m e d and x r a y s a r e e m i t t e d as the muon c a s c a d e s 

to the K she l l of the a t o m . B e c a u s e the muon m a s s is about 200 t i m e s 

the e l e c t r o n m a s s , the radi i of the B o h r o r b i t s a r e c o r r e s p o n d i n g l y 

U n i v e r s i t y of Chicago 

I Na t iona l R e s e a r c h Counci l of Canada 
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smal ler and the energy levels of the mesonic atoms are quite sensitive 
X 

to the nuclear charge dis tr ibut ioa Wheeler first suggested that a 

careful measurement of the energies of these mesonic x rays would 

give some information about the size of the nuclear charge. 

Recent e lec t ron-scat ter ing measurements yield a great 

deal of information about the nuclear charge distribution. Ford a.id 
a 

Wills have used the pa ramete r s obtained from these scattering exper i -

me .ts to calculate the energies of these transit ions and it is interesting 

to compare the calculations with energies deduced from x-ray m e a s u r e ­

ments . 
3 

Johnson, Hincks, and Anderson recently reported some 
energies of K x rays but their measurements showed a systematic dif-

a 2 

ference from the values calculated by Ford and Wills. The differences 

were la rges t in the iron region of the periodic table. 

In order to examine the differences more carefully, the 
4 

scintillation spect rometer with an anticoincidence annulus of Nal was 
5 

used. This instrument and an associated computer program permit 

one to obtain the full benefit of the stat ist ical accuracy of the data. 

X rays from N, O, F , Mg, Ca, Ti, Ni, Cu, and Zn have 

been observed. The data from Mg, Ti, Ni, Cu, and Zn have been analy­

zed and are reported here . The results from the other elements will be 

given in an ear ly repor t . Data were also obtained with separated isotopes 

of Ca*" and Ca** to observe any isotopic shift that might be present . 

These data have not been analyzed. 

J. A. Wheeler, Revs . Modern Phys . _21_, 133(1949). 

K. W. Ford and J. G. Wills, Nuclear Phys . 35., 295 (1962). 

^ C . S. Johnson and E. P . Hincks, and H. L. Anderson, Phys. Rev. 

125, 2102 (1962). 

"* C. C. Tra i l and S. Raboy, Rev. Sci. Instr . 30_, 425 (1959). 
^ R . Julke, J. E. Monahan, S. Raboy, a n d C . C. Tra i l , Argonne 

National Laboratory topical report ANL-6499 (unpublished). 



34 1-57-1 

2. E X P E R I M E N T A L A R R A N G E M E N T AND A P P A R A T U S 

The e x p e r i m e n t was p e r f o r m e d with the 1 5 0 - M e V / c n e g a ­

t ive muon beam from the U n i v e r s i t y of C h i c a g o s y n c h r o c y c l o t r o n . 

A ske tch of the a p p a r a t u s i s shown in F i g . 24. In addi t ion 

to negat ive m u o n s , a l a r g e n u m b e r of pions and e l e c t r o n s a r e in the b e a m . 

F i g . 24. Top view of the a p p a r a t u s . 
C o u n t e r s 1, 2, 3, and 4 a r e p l a s ­
t ic s c i n t i l l a t o r s . C is a w a t e r 
C e r e n k o v c o u n t e r . C o u n t e r 6 is 
a Na l s c i n t i l l a t i o n s p e c t r o m e t e r 
and c o u n t e r 5 is an a n t i c o i n c i d e n c e 
annulus of N a l . 

The beam p a s s e s th rough t h r e e sc in t i l l a t ion c o u n t e r s ( l abe led 1, 2, and 3 

in F i g . 24), a paraffin m o d e r a t o r , and a C e r e n k o v c o u n t e r . The paraff in 

a b s o r b s the TT m e s o n s and slows down the muons so tha t t hey s t op in the 

t a r g e t . The Ce renkov coun te r g ives a pu l se if the h i g h - e n e r g y e l e c t r o n 

p a s s e s through it and in this way d i s c r i m i n a t e s a g a i n s t t h e s e p a r t i c l e s . 

Counter 4 is used in an t i co inc idence to i nd i ca t e that a 

m e s o n has stopped in the t a r g e t and no c h a r g e d p a r t i c l e has e n t e r e d the 

Nal s p e c t r o m e t e r . 

If a muon s tops in the t a r g e t , the e m i t t e d x r a y s m a y be 

de tec ted with a Nal sc in t i l l a t ion s p e c t r o m e t e r . If t he x - r a y quan tum l o s e s 

al l i ts e n e r g y in coun te r 6 (a cy l inder of Nal 2 .4 in . in d i a m e t e r and 6 in . 

long) then the pulse is analyzed in a mu l t i channe l a n a l y z e r . If some of the 

ene rgy is lost from counte r 6 but is d e t e c t e d in a Na l annulus ( coun te r 5), 

then the pulse is d i s c a r d e d e l e c t r o n i c a l l y . The annulus is 12 in . long and 

8 in. in d i a m e t e r and has a hole 2. 5 in. in d i a m e t e r a long its a x i s . 

An event of i n t e r e s t , then , is denoted s y m b o l i c a l l y as ( 1 , 

2, 3, 4, C, "5, 6) . F i g u r e 25 g ives a b lock d i a g r a m of the e l e c t r o n i c s . 
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F i g . 25 . Block d i a g r a m of the e l e c t r o n i c s . A b b r e v i a t i o n s u s e d in the f igure a r e : O . S . , o n e - s h o t 
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C e r e n k o v c o u n t e r ; D . L . D . , d e l a y - l i n e d r i v e ; and A N A L . D R I V E , a n a l y z e r d r i v e . 
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The sc in t i l l a t i on s p e c t r o m e t e r was c a l i b r a t e d wi th g a m m a 

rays of known e n e r g i e s f rom s e v e r a l d i f fe ren t r a d i o a c t i v e s o u r c e s which 

w e r e i m m e r s e d in the t a r g e t m a t e r i a l . The s o u r c e s w e r e s e l e c t e d so that 

the e n e r g i e s of the g a m m a rays would s t r a d d l e the e n e r g y r eg i o n of the x 

r a y being s tud ied . In each c a s e at l e a s t two g a m m a r a y s w e r e u s e d for 

ca l ib ra t ion , but usua l ly m o r e than two w e r e u s e d . 

The e x p e r i m e n t a l p r o c e d u r e was to c a l i b r a t e the s p e c t r o ­

m e t e r with the m e s o n beam on t a r g e t . Then the s p e c t r o m e t e r was gated 

with those events c o r r e s p o n d i n g to a m e s o n s topping in the t a r g e t and the 

X rays w e r e o b s e r v e d . After this " d a t a run" a " c a l i b r a t i o n run" was r e ­

pea ted . At l eas t t h r ee data runs w e r e m a d e for e a c h t a r g e t . A t yp i ca l 

data run l a s ted one hour and a typ ica l c a l i b r a t i o n run l a s t e d fifteen m i n u t e s . 

By keeping the c a l i b r a t i o n s o u r c e s in the t a r g e t m a t e r i a l , 

the counting r a t e s w e r e main ta ined f a i r l y cons t an t in the c i r c u i t s be fo re 

the co inc idence c i r c u i t s . This m i n i m i z e d gain shif ts r e s u l t i n g f rom 

va r i a t i ons in the counting r a t e s . 

3. EXPER IMENTAL DATA 

Typical s p e c t r a f rom the t a r g e t s tudied and f rom the 

ca l ib ra t ion runs a r e shown in F i g s . 26 to F i g . 39. 

F i g u r e 26 shows a 

s p e c t r u m from a Ce ^^^ s o u r c e and 

a Bi2ti7 s o u r c e . The t h r e e peaks 

a r e ident if ied as the x r a y s f rom 

P r and Pb and the 1 4 5 . 6 - k e V g a m m a 

r a y from a t r a n s i t i o n in P r . T h e s e 

s o u r c e s w e r e used to c a l i b r a t e the 

s p e c t r o m e t e r for the m e a s u r e m e n t s 

of the e n e r g i e s of the m e s i c x r a y s 

in n i t rogen and oxygen . The t a r g e t s 

w e r e LiN and w a t e r . The s p e c t r a 

PULSE HEIGHT (Channel Numbers) 

F i g . 26. The s p e c t r u m from C e l * l 
andBi20 '7 . This is a c a l i b r a t i o n 
run for the n i t rogen and oxygen 
m e a s u r e m e n t s . 
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Fig. 27. The x- ray 
spectrum from a 
target of LiN. 

Fig. 28. The x- ray 
spectrum from a water 
target . 
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Fig. 29. The spectrum 
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and Cr =51. This is a 
calibration for the fluo­
rine measurements . 
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F i g . 30. The x - r a y 
s p e c t r u m f rom a tef­

lon t a r g e t ( C F ^ ) . 
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F i g . 3 1 . A s p e c t r u m 
f rom C e l * l , C r ^ ^ , 
and Na22 . Th i s s e t 
of da ta is a c a l i b r a ­
t ion for the Mg x - r a y 
m e a s u r e m e n t s . 
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K(,in Mg 

2 0 0 
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F i g . 32 . The x - r a y 
s p e c t r u m f rom a 
Mg t a r g e t . 



1-57-1 39 

Fig. 33. A calibration 
spectrum with Y^s 
and Bi20Y for the Ti 
x- ray measurements . 
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Fig. 34. The x-ray 
spectrum from t i ­
tanium. 
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Fig. 35. A calibration spectrum 
from YSS and Bfs' ' '^ . 
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F i g . 36. The x - r a y s p e c t r u m 
from Ni . 
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F i g . 37. The .x - ray s p e c t r u m 
f rom Zn . 

F i g . 38. The x - r a y 
s p e c t r u m f rom Ca'*'* 
and Ca-io. 
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F i g . 39. The d e l a y e d 
g a m m a - r a y s p e c t r u m 
f rom c o p p e r , showing 
a c a p t u r e g a m m a r a y . 
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from these targets are shown in Fig. 27 and 28. In addition to the lines 

of interest in these figures, there are also x rays which we attribute to 

carbon and oxygen in the various counters and their packaging and to the 

nitrogen in the a i r . 

Figure 29 gives a calibration run made with the Bi^o? and 

Ce l* i sources shown in Fig. 26 and Cr^^ which gives a 323-keV gamma 

ray. This calibration was used to measure the energy of the fluorine x 

rays . The spectrum from teflon (CF^ ) is shown in Fig. 30. 

Figures 31 and 32 show a calibration run and a data run 

for Mg. The calibration was made with the 140-keV gamma ray from 

Cei4l^ the 323-keV gamma ray from CrSl , and the 5 11-keV annihila­

tion radiation from Na22 . Figure 32 gives the data run from Mg. 

The spectrometer was calibrated with the 898.4- and 

1836-keV lines from Yss and the 570. 8- and 1063. 9-keV lines from 

Bi20 7 for the measurement on Ti. These spectra are shown in Figs . 

33 and 34. 

Figures 35 and 36 show a calibration and a data run for 

a nickel target . The calibration sources are Y sa and Bi s07. 

Figure 37 gives the calibration and x- ray data from the 

zinc measurements . Again the calibration sources are Yss and Bi^o'?, 

It is interesting to note that in the x- ray spectra from the 

targets with higher Z, some other x - ray transit ions are evident. In the 

spectra from nickel and zinc, the K„, K , and the L ser ies of t r ans i -
^ p CO 

tions a re evident. 

Figure 38 shows the x- ray spectrum from two isotopes 

of calcium. These data represent twelve 5-min runs . The targets were 

switched after each run and a separate bank of 200 channels was used 

to store the data from each target . The purpose of this was to measure 

an isotopic shift in the K transit ion energy. The amount of the shift is 

expected to be about 2 keV in 900 keV. The spectrometer was calibrated 

with YSS and Bi^"'^ sources . 
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4 . RESULTS 

The da ta f rom the c a l i b r a t i o n r u n s and da ta r u n s w e r e 
5 

ana lyzed in a m a n n e r d e s c r i b e d p r e v i o u s l y . B r i e f l y , e a c h pho topeak 

is fitted wi th a G a u s s i a n function of the f o r m 
2 

( X - U g ) 

f ( a , x . ) = a^ e ^ + a^, (1) 
J U g 

w h e r e f (a ,x , ) i s the n u m b e r of counts in channe l x , a^ i s the a m p l i t u d e 

of the G a u s s i a n , a^ i t s pos i t i on , a^ i t s w id th , and a^ any c o n s t a n t b a c k ­

ground which m a y be p r e s e n t . 

T h e s e fits a r e m a d e on the ANL c o m p u t e r GEORGE and the 

b e s t fit is d e t e r m i n e d by a c h i - s q u a r e d m i n i m i z a t i o n c a l c u l a t i o n . 

The n o r m a l p r o c e d u r e for the c a l i b r a t i o n r u n s is to fit the 

h ighes t ene rgy photopeak, s u b t r a c t out i t s inf luence on a l o w e r e n e r g y 

peak (by using a s p e c t r u m f rom each s o u r c e a lone)^and t h e n fit the nex t 

h ighes t peak , e t c . 

The data r uns a r e a n a l y z e d in a s i m i l a r f a s h i o n , and the 

backgrounds a r e obtained f rom t a r g e t s whose x r a y s a r e of m u c h l o w e r 

e n e r g i e s than those from the t a r g e t being a n a l y z e d . 

Tab le V gives a s u m m a r y of t h e s e fits for a t y p i c a l c a l i ­

b r a t i on run and for a fit to the da ta r u n . The t ab le l i s t s the p a r a m e t e r s 

of the G a u s s i a n , t h e i r a s s o c i a t e d u n c e r t a i n t i e s , and the c a l c u l a t e d and 

expec ted va lue s of x • (The expec ted va lue of x^ is N - 4 - 1 , w h e r e 

N is the n u m b e r of points u s e d in the fit and 4 is the n u m b e r of p a r a ­

m e t e r s . ) In each c a s e , the u n c e r t a i n t i e s a s s o c i a t e d wi th the p a r a ­

m e t e r s have been ad jus ted for the d i f f e r ences be tween the e x p e c t e d 

and ca l cu la t ed va lue s of x^. 

It was a s s u m e d that a l i nea r r e l a t i o n s h i p of the f o r m 

(2) 



TABLE V. The parametersof Eq, (1), determined by minimizing x 2 _ These 
results are for a calibration run and for a data run for the copper measu remen t s . 

E n e r g y of 
g a m m a r a y 

(keV) 

1836 .2 

1063.9 

8 9 8 . 7 

5 7 0 . 8 

Cu K 
a 

P e a k he igh t 
a (counts ) 

5456 ± 58 

14106 ± 67 

13600 ± 144 

446 31 ± 35 8 

97 ± 7 

M e a n of Gaus -
s i a n a ( channe l s ) 

177. 134 ± 0. 034 

103. 322 ± 0 . 0 1 1 

87 . 399 ± 0. 020 

5 5 . 8 5 8 ± 0. 015 

147 .52 ± 0. 21 

S t a n d a r d 
dev i a t i on 
a ( channe l s ) 

5 .50 ± 0. 08 

4. 18 ± 0 . 0 3 

3.86 ± 0. 06 

3. 07 ± 0. 03 

4 . 5 0 ± 0. 46 

R e s i d u a l 
b a c k g r o u n d 
a (counts ) 

315 ± 52 

630 ± 60 

957 ± 145 

2289 i 268 

22 ± 6 

Th 
cu 

X^ 
is c a l -
l a t ion 

24 

6 

13 

29 

11 

E x p e c t e d 
va lue 

15 

11 

9 

7 

12 
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d e s c r i b e s the s p e c t r o m e t e r ' s r e s p o n s e to g a m m a r a y s . In E q . (2), E 

is the e n e r g y of a g a m m a r a y , a^ is i t s m e a n p u l s e he ight d e t e r m i n e d 

f rom E q . (1), and a and b a r e p a r a m e t e r s to be d e t e r m i n e d . The peak 

pos i t ions from a c a l i b r a t i o n run a r e u s e d to m a k e a l e a s t - s q u a r e s fit 

to Eq . (2). Again a va lue of X^ is c o m p u t e d and c o m p a r e d wi th the e x ­

pec ted va lue . The u n c e r t a i n t i e s a s s o c i a t e d wi th the p a r a m e t e r s a and b 

a r e adjus ted a c c o r d i n g l y . 

Tab le VI l i s t s a typ ica l fit to E q . (2). 

TABLE VI. The p a r a m e t e r s of the r e l a t i o n 
E = a + ba for the c a l i b r a t i o n run for c o p p e r shown 
in Tab le VII. 

S tandard y - r a y Mean pos i t ion of P a r a m e t e r s of c a l i b r a t i o n 
ene rgy E (keV) peak, a r e l a t i o n 

I b 
(keV) ( k e V / c h a n n e l ) x^ 

1836. 2 ± 1. 7 177. 134 ± 0. 034 

1 0 6 3 . 9 ± 0 . 3 103. 322 ± 0 .011 - 1 1 . 3 4 ± 1 . 6 9 + 1 0 . 4 1 0 ± 0 . 1 7 5 

898. 7 ± 0 . 8 87. 399 ± 0 . 0 2 0 

570. 8 ± 0 .5 55 . 858 ± 0. 015 

Some of the K e n e r g i e s have been d e t e r m i n e d and a r e 

l i s t ed in Table VII. The e r r o r s a r e a combina t ion of r a n d o m and 

TABLE VII. S u m m a r y of r e s u l t s . 

T a r g e t 
x - r a y E n e r g y (keV) 
Mg K 300. 2 ± 0. 6 a 

Ti K^ 9 3 9 . 0 ± 1 . 5 

Ni K 1436. 9 ± 2. 1 

Cu K^ 1525. 2 ± 5 . 4 

ZnK 1607. 9 ± 1. 3 
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systematic e r r o r s . It must be emphasized that these results a re p r e ­

l iminary. When all the calculations a re compiled, final results will be 

presented along with a comparison with other measurements and theo­

retical calculations. In general our results seem higher than theory 
2 

predicts . 

Finally, a study was made to see if any gamma rays are 

emitted as the muon is captured by the nucleus and the energy is released 

by some form of nuclear breakup. This process is studied by observing 

those gamma rays emitted 120 nsec after the muon comes to res t in the 

target . We show this spectrum from copper in Fig. 39. Of the nuclei 

studied, only this one exhibited these capture gamma rays . The peak 

near channel 200 is tentatively identified as a gamma ray in N i s s at 1. 1 

MeV. 
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II. MASS SPECTROSCOPY 

II-26-1 Ionization by Ions in the MeV Range (51300-01) 

S. Wexler and D. C. Hess 
Reported by S. Wexler 

A. INTRODUCTION 

Investigation of the propert ies of the interactions ( e . g . , 

charge exchange and ionization) of massive ionic projectiles with gases 
1 

has mainly been confined to energies in the range below 200 keV. 

Most of the studies with projectiles of kilovolt energy have involved 

measurement of c ross sections for various react ions. But a Russian 
2 

group has employed a mass spectrometer to analyze the charge d i s ­

tributions of slow interaction products . Only three determinations of 

a molecular fragmentation pattern, all for H , by impact of protons 
3 

and hydrogen atoms with energies of 10 — 180 keV have been reported. 

Measurements of the cross sections for ionization of several gases by 

protons and He have been published for impinging part icles with ener-
4 

gies up to 1. 1 MeV. But there have been no mass spectrometric 
1 

See the review of J. B. Hasted, Advances in Electronics and 
Electron Physics n , 31 (1960). 

2 

N. V. Fedorenko, V. V. Afrosimov, R. N. Uin, a n d E . S. Solov'ev, 
Proceedings of the 4th International Conference on Ionization Phenomena 
in Gases , edited by N. R. Nilsson (North-Holland Publishing Co. , 
Amsterdam, 1960), Vol. I, p. 47. 

3 ^ 
N. V. Fedorenko, R. N. Ilin, a n d E . S. Solov'ev, Proceedings of 

the 5th International Conference on Ionization Phenomena in Gases , edited 
by H. Maecker, (North-Holland Publishing Co. , Amsterdam, 1962), Vol. 
II, p. 1300; J. P . Keene, Phil . Mag. £0, 369 (1949); V. V. Afrosimov, 
R. N. Ili'n, and N. V. Fedorenko, JETP _31, 968 (1958). 

4 

J. W. Hooper, E. W. McDaniel, D. W. Martin, and D. S. Harmer , 
Phys. Rev. _̂21_, 1123 (1961); ibid. 125, 2000 (1962); R. A. Langley, 
Annual Summary R eport No. 10, March 1, 1962 (Georgia Institute of 
Technology Engineering Experiment Station, Atlanta). 
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a n a l y s e s of the slow ions r e s u l t i n g f rom i m p a c t of a b e a m of MeV ions 
5 

with i so l a t ed a t o m s and m o l e c u l e s . 

A p a r t f rom the fact that the r e s u l t s would in t h e m s e l v e s 

be of fundamenta l i n t e r e s t , t h e r e a r e o t h e r r e a s o n s for e n t e r i n g the v i r ­

tua l ly untouched field in which m a s s i v e p r o j e c t i l e ions wi th e n e r g i e s in 

the MeV region i n t e r a c t with i so l a t ed m o l e c u l e s . F i r s t l y , in c o n t r o l l e d 

t h e r m o n u c l e a r d e v i c e s , the n u c l e a r r e a c t i o n s D(d, n)He3 and D(d, p)T 

followed by D( t , n)He4 and D(He3, p)He4 m a y be u t i l i z e d . The p r o t o n s , 

t r i t o n s , and s i n g l y - c h a r g e d He^ a r e p r o d u c e d in t h e s e r e a c t i o n s wi th 

kinet ic e n e r g i e s of up to a few MeV. C o n s e q u e n t l y , p a r t i c u l a r l y in pu l sed 

m a c h i n e s , t he i r e x t r a n u c l e a r i n t e r a c t i o n s wi th D^ and i m p u r i t y g a s e s in 

i ncomple t e ly ionized p l a s m a s m a y be of i n t e r e s t in u n d e r s t a n d i n g the b e -
e 

havior of these p l a s m a s . Again , such s tud i e s have a d i r e c t b e a r i n g on 

the effects of a tomic and m o l e c u l a r s t r u c t u r e on the s topping p o w e r of 
Y 

g a s e s and o ther a s p e c t s of p e n e t r a t i o n p h e n o m e n a . A spec i f i c exanrple 

is the de ta i l s of e n e r g y t r a n s f e r and m o l e c u l a r d i s r u p t i o n in the s lowing 

down of ene rge t i c r eco i l s f rom n u c l e a r r e a c t i o n s , e . g . , t r i t i u m f rom 

5 
C. E . Melton and P . S. Rudolph [J . C h e m . P h y s . ^0,, 847 (1959)] 

have ionized ace ty lene with the r a d i a t i o n of a Po^os a lpha s o u r c e in the 
sou rce c h a m b e r of a m a s s s p e c t r o m e t e r . 

6 
R. F . P o s t , R e v s . Mode rn P h y s . _2^, 338 (1956); K. B o c k a s t e n , R. 

Hal l in , S. I. H e r l i t z , L . H o g b e r g , N . R. N i l s s o n , S. S v e n n e r s t e d t , and 
K. Vogel , "Con t ro l l ed T h e r m o n u c l e a r F u s i o n R e s e a r c h , " I n t e r n a t i o n a l 
Atomic E n e r g y Agency Review S e r i e s , No . 17 (1961). See a l s o the e x ­
tens ive b ib l iography on p l a s m a s and o the r work r e l a t e d to c o n t r o l l e d 
t h e r m o n u c l e a r r e s e a r c h in "Atomic and M o l e c u l a r C o l l i s i o n C r o s s S e c ­
t ions of I n t e r e s t in Con t ro l l ed T h e r m o n u c l e a r R e s e a r c h , " O R N L - 3 1 1 3 
(May 15, 1961). 

7 

R. L . P l a t z m a n , Int . J . Appl . Rad ia t ion and I so topes 10, 116 (1961); 
H. A^ Bethe and J . Ashkin , E x p e r i m e n t a l N u c l e a r P h y s i c ~ e d i t e d by E . 
Segre' , (John Wiley and Sons , I n c . , New York , 1953) Vol . 1, p . 166. 
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He3(n,p)T. Also, experiments in this range of projectile energies 

make possible a tes t of a consequence of the Born approximation, 

namely, that the fragmentation pattern when a molecule is ionized and 

excited by a massive ion is the same as for electron impact if the 
9 s 

velocities a re the same and are sufficiently high. Melton and Rudolph 

have reported that C^H^, i r radiated by a Po^os alpha source placed 

in the source chamber of their mass spec t rometer , breaks down into 

a very simple ionic mass pattern. Only the parent C^H^ (relative 

abundance = 100) and the fragment ion C^H (R. A. = 7.7) were observed. 

This is an unexpected resul t because the fragmentation pattern of acety­

lene bombarded by electrons of the same velocity as the a part icles is 

much more extensive and is not much different from that arising from 
10 

impingement of 70-eV e lec t rons . Consequently, it is considered of 

in teres t to study the fragmentation of C^H^ (as well as other molecules) 

by impingement of massive part icles with energies in the MeV range. 

Final ly, the interactions of helium ions and protons with rarefied air 
has a bearing on understanding the origin of the aurora borealis and 

1 1 
other upper-a tmospher ic phenomena. 

As the initial study of a program to investigate the ioni­

zation of isolated molecules by swiftly-moving ions with energies in the 

range from a few hundred keV to a few MeV, we have bombarded several 

of the r a r e gases and lower hydrocarbons with protons coming from the 

R. J. C r o s s , J r . and R. Wolfgang, J. Chem. Phys . 35 ,̂ 2002(1961); 
P . J. E s t r u p a n d R . Wolfgang, J. Am. Chem. Soc. £2 , 2665(1960). 

^H. Bethe, Ann. Phys . 5_, 325 (1930); N. F . Mott and H. S. W. 
Massey , The Theory of Atomic Collisions (Oxford University P r e s s , 
London, 1949), pp. 247, 271; P . Kebarle a n d E . W. Godbole, J. Chem. 
Phys . 36, 302 (1962). 

^°H. E. Stanton and J. E. Monahan, J. Chem. Phys . y]_, 2654(1962); 
P . Kebarle and E. W. Godbole, ibid. }b_, (1962); C. E. Melton, ibid. 
27 , 562 (1962). 

^^A. B. Meinel, Astrophys. J. 113, 50 (1951); C. V. Fan and A. B. 
Meinel , ibid. 118, 205 (1953). 



I I - 2 6 - 1 

5 0 

Van de Graaff e l e c t r o s t a t i c g e n e r a t o r wi th e n e r g i e s of 0. 80 - 3. 75 M e V . 

A s p e c i a l l y - d e s i g n e d p o r t a b l e m a s s s p e c t r o m e t e r w a s c o n s t r u c t e d on a 

f r a m e p rov ided with c a s t e r s and j a c k s so tha t it can r e a d i l y be m o v e d into 

pos i t ion and al igned with the b e a m of h i g h - e n e r g y i o n s . The s o u r c e s e c ­

tion of the a p p a r a t u s is ske tched in F i g . 40 . The e n e r g y - a n a l y z e d b e a m 

APERTURE 
FARADAY CUP 

111/1111 
To COVERED PLUG 

MASS SPECTROMETER 

D E F I N I N G SL IT 

Fig . 40. Source a s s e m b l y of the m a s s s p e c t r o m e t e r for s tudy of i m ­
pact phenomena of p ro tons and m o l e c u l e s with e n e r g i e s in the MeV 
range . 

of pro tons is coUimated by two s l i t s 1. 25 mm s q u a r e and p a s s e s th rough 
3 

two a p e r t u r e s rj-— in. in d i a m . and a l a r g e a p e r t u r e in a cold d i a p h r a g m at 

l iquid N t e m p e r a t u r e before pass ing througli the t a r g e t gas on a path 

midway between the r e p e l l e r plate and the exit s l i t of the s o u r c e c h a m b e r . 

The beam finally is mon i to red in a deep F a r a d a y cup, in which it is s t o p ­

ped by a t a n t a l u m - c o a t e d plug. The slow pos i t ive ions a r e e x t r a c t e d at 

90 to the d i r ec t ion of the pro ton b e a m , focused and a c c e l e r a t e d by a Nie r -

type focusing s y s t e m , ana lyzed by a 90 - s e c t o r m a g n e t i c f ie ld of 9 - i n . 
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r a d i u s , and d e t e c t e d by a p la te s u r r o u n d e d by g u a r d r i ngs and an e l e c t r o n -

s u p p r e s s o r e l e c t r o d e . The p r o t o n b e a m was about 3 .0 |j.A; and the c u r ­

r e n t of slow i o n s , m e a s u r e d wit.h a v i b r a t i n g - r e e d e l e c t r o m e t e r , v a r i e d 

be tween 5 X 10"^* and 1 X 10"^° a m p . The s o u r c e c h a m b e r and focusing 

s y s t e m w e r e held at or n e a r 5500 V r e l a t i v e to the g r o u n d e d s p e c t r o m e t e r 

t ube . The gas p r e s s u r e in the s o u r c e was 3—6 X 10"' ' m m which , as 

a t t e s t e d by the l i n e a r p r e s s u r e d e p e n d e n c e of the i n t e n s i t i e s of the c h a r g e 

s t a t e s of Ne ( F i g . 41) , is suf f ic ient ly 

low to e n s u r e that a p r o t o n wi l l in ­

t e r a c t only once with t he g a s . Dif­

f e r e n t i a l pumping r e d u c e d the 

p r e s s u r e s in the o the r c o m p a r t ­

m e n t s of the s p e c t r o m e t e r to l e s s 

than 5 X lO 'S m m . 

A c a r e f u l n n e a s u r e -

men t of the s e c o n d a r y - e l e c t r o n 

c u r r e n t s to the r e p e l l e r p l a t e and 

to the s o u r c e c h a m b e r showed 

that the r e s p e c t i v e r a t i o s of s e c ­

o n d a r y e l e c t r o n s to p r i m a r y p r o ­

tons w e r e 0 .00040 and 0 .00055 

u n d e r the cond i t ions of the e x -

p e r i m e nt. 

B . R E S U L T S 

100.0 T" 

to 20 30 40 50 60 
SOURCE PRESSURE (10*111™) 

F i g . 4 1 . I n t e n s i t i e s of ionic 
s p e c i e s a s a function of the 
p r e s s u r e of Ne in the s o u r c e 
c h a m b e r of the m a s s s p e c ­
t r o m e t e r . The slow p r o d u c t 

s p e c i e s from i m p a c t of p r o t o n s 

wi th the r a r e g a s e s c o n s i s t of ions in v a r i o u s c h a r g e s t a t e s . F r o m each 

i n t e n s i t y d i s t r i b u t i o n one m a y d e t e r m i n e the p a r t i a l c r o s s sec t ion for 

p r o d u c t i o n of e a c h c h a r g e s t a t e p r o v i d e d the to ta l ion iza t ion c r o s s s e c ­

t ion for the r a r e gas is known. This d e t e r m i n a t i o n is b a s e d on the fact 
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tha t as m a y r e a d i l y be shown, the t o t a l and p a r t i a l c r o s s s e c t i o n s a r e 

r e l a t e d by 

. = ^ - ^ , , , (1) 
n to ta l 

i-l n 

w h e r e 0- is the c r o s s sec t ion for f o r m a t i o n of the ionic s p e c i e s of c h a r g e 
n 

s ta te +n I /T 1 is the f r a c t i o n a l i n t e n s i t y of the s p e c i e s , and O" is 
' n ^ n 4 

the total ionizat ion c r o s s s ec t i on for the t a r g e t g a s . H o o p e r £ t al.. have 

d e t e r m i n e d such r e a c t i o n p r o b a b i l i t i e s for the ion iza t ion of H e , N e , and 

Ar by impac t of p ro tons wi th e n e r g i e s of 0. 15 — 1. 1 M e V . They find 

that , as p r e d i c t e d by the Born a p p r o x i m a t i o n , the t o t a l c r o s s s e c t i o n d e ­

pends on the p ro ton e n e r g y th rough the r e l a t i o n 

0- = — log BE , (2) 
to ta l E ** p ' 

P 

where cr is the to ta l ion iza t ion c r o s s s e c t i o n , A and B a r e c o n s t a n t s 
total 

of the p a r t i c u l a r a t o m , and E the p r o t o n e n e r g y . Both the da ta 
P 9^12 

of Hooper and t h e o r e t i c a l a r g u m e n t s i nd i ca t e tha t E q . (2) is va l id 

above 1. 1 MeV. We have u s e d our da ta on n and f r a c t i o n a l i n t e n s i t i e s 

I / V l in combina t ion with E q s . (1) and (2) to c o m p u t e the p a r t i a l 

c r o s s sec t ion for f o rma t ion of each c h a r g e s t a t e of s e v e r a l of the r a r e 

g a s e s . They a r e plot ted in F i g s . 42 t h r o u g h 44 . Inc luded in e a c h f i g -
13 

ure a r e c u r v e s r e p r e s e n t i n g the da t a of F e d o r e n k o et a l . for the 
12 

D. R. B a t e s and G. Grif f ing, P r o c . P h y s . Soc . (London) A66, 
961 (1953); R. A. Maple ton , P h y s . R e v . j_09, 1166 (1958). 

13 

N. V. F e d o r e n k o , V. V. A f r o s i m o v , R. N. I l in , a n d E . S. 
Solov 'ev , P r o c e e d i n g s of the 4th I n t e r n a t i o n a l C o n f e r e n c e on I o n i z a ­
tion P h e n o m e n a in G a s e s , ed i ted by N. R. N i l s s o n ( N o r t h - H o l l a n d 
Pub l i sh ing Co . , A m s t e r d a m , I960), Vol . I, p . 47 . 



11-26-1 
53 

: 

-

-

-

r 

r 

^Ne" 

.Ne« 

y^ 

1 

i i i i i 1 1 1 

H*-Ne 

V .Ne-

X 

\ 

, ,„ , , 

-

-

-

-: 

-

-

0.01 IQO 

F i g . 42 . Ion iza t ion c r o s s s ec t i ons F i g . 4 3 . Ion iza t ion c r o s s s e c -
for f o r m a t i o n of He + l and He+2 t ions for f o r m a t i o n of Ne+l , 
by p r o t o n i m p a c t . The da ta points N e + 2 , and Ne+3 . 
r e p r e s e n t the r e s u l t s of this s tudy 
in the e n e r g y r eg ion f rom 1. 00 to 
3 .50 M e V . The c u r v e s in the 
r a n g e f rom 5 to 180 keV a r e t aken 
f rom F e d o r e n k o e t a l . ( r e f e r e n c e 
13). 

r a n g e of p r o t o n e n e r g i e s ex tending f rom 5 to 180 keV. Although a l a r g e 

gap s t i l l r e m a i n s to be e x p l o r e d be tween the two se t s of da t a , the r e s u l t s 

a r e r e a s o n a b l y c o n c o r d a n t . The t r e a t m e n t of the da t a d e s c r i b e d above 

could not be ex tended to k r y p t o n b e c a u s e i t s to ta l ion iza t ion c r o s s s ec t i ons 

have not been m e a s u r e d in th is e n e r g y r eg ion . A c c o r d i n g l y , the f r ac t i ona l 

i n t e n s i t y of e a c h c h a r g e s t a t e o b s e r v e d for K r is t a b u l a t e d as a function of 
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"001 

-Ar" 

100 

F i g . 44. C r o s s sec t ions for p r o ­
duction of Ar+l , A r + 2 , Ar+3 , 
Ar"*"* , and Ar"*"̂  by p ro ton i m ­
pact on a r g o n . 

p r o t o n e n e r g y in Tab le VIII. The 

a v e r a g e p r e c i s i o n of the r e s u l t s for 

k r y p t o n as wel l as for the o the r g a s e s 

was about 10%. In o r d e r to c o m p l e t e 

the s tudy , we plan m e a s u r e i D e n t s on 

xenon for our next p e r i o d of use of 

the Van de Graaff g e n e r a t o r . 

T h e r e is c o n s i d e r a b l e 

i n t e r e s t in the f r a g m e n t a t i o n of m o l e ­

cu les by i m p a c t of m a s s i v e p r o j e c t i l e s 

with e n e r g i e s in the MeV reg ion , b e ­

c a u s e a c o n s e q u e n c e of the B o r n a p ­

p r o x i m a t i o n s t a t e s that the f r a g m e n ­

ta t ion p a t t e r n of a m o l e c u l e ionized 

and exc i ted by a m a s s i v e ion is the 

s a m e as for e l e c t r o n i m p a c t if the 

ve loc i t i e s a r e the s a m e and a r e suf-
9 12 

f ic ient ly high. As a beginning 

of an e x p e r i m e n t to t e s t the va l id i ty 

of this deduc t ion f rom the B o r n a p ­

p r o x i m a t i o n , we have b o m b a r d e d 

s e v e r a l mo lecu le s with 2. 25-MeV p r o t o n s . As an e x a m p l e , the f r a g m e n ­

tat ion s p e c t r u m o b s e r v e d for ace ty lene a p p e a r s in Tab le IX. Th i s p a t t e r n 

as well as those for the o ther m o l e c u l e s wil l be c o m p a r e d with c o r r e s p o n d ­

ing ones found on e l e c t r o n impac t unde r s i m i l a r e x p e r i m e n t a l cond i t ions . 
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TABLE VIII. Fract ional intensities of charge 
states of krypton as a function of proton energy. 

Proton 

(MeV) 

1.50 

2. 00 

2 .50 

3 .00 

3 . 5 0 

K r + i 

0. 73 

0. 63 

0 . 6 9 

0. 74 

0. 74 

K r + 2 

0. 13 

0. 15 

0. 14 

0. 12 

0. 13 

C h a r g e s t a t e 

Kr+3 

0, 10 

0. 16 

0. 12 

0. 10 

0 . 0 9 

Kr+4 

0. 032 

0. 048 

0 .036 

0 . 0 2 8 

0. 028 

Kr+5 

0. Oil 

0. 015 

0. 012 

0. 009 

0. 010 

T A B L E IX. F r a g m e n t a t i o n p a t t e r n of C ^ H ^ 
u n d e r i m p a c t by 2. 25-MeV p r o t o n s . 

R e l a t ive 
" ^ ' ^ i n t ens i t y 

26 100 

25 30 ± 3 

24 6 . 9 ± 0 .5 

13 4 . 7 ± 0 . 4 

12 2 .6 ± 0. 2 
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11-40-11 F r a g m e n t a t i o n of H y d r o c a r b o n s (51300-01) 

H. E . Stanton and J . E . Monahan 

AN ANALYSIS OF THE ENERGY DISTRIBUTION 
O F IONIC F R A G M E N T S 

1 
Recent m e a s u r e m e n t s of the m a s s s p e c t r a r e s u l t i n g 

from h i g h - e n e r g y e l e c t r o n i m p a c t on s o m e h y d r o c a r b o n m o l e c u l e s a r e 

cons i s t en t with the a s s u m p t i o n tha t some of the d i f fe ren t types of ionic 

f r a g m e n t s a r e p roduced by the independen t d e c a y of the p a r e n t ion 

through at l e a s t two g roups of non in t e r ac t i ng e l e c t r o n i c s t a t e s . The 

a s s o c i a t e d e n e r g y and the m e c h a n i s m of the decay of e a c h g r o u p of 

such s t a t e s is expec ted to be di f ferent f rom the o t h e r s . A q u a n t i t a t i v e 

m e a s u r e m e n t of the e n e r g y d i s t r i b u t i o n of the ionic f r a g m e n t s m a y p r o ­

vide a definit ive t e s t of t he se a s s u m p t i o n s . 
2 

P r e v i o u s a n a l y s e s of m e a s u r e d e n e r g y d i s t r i b u t i o n s 

have not been s a t i s f a c t o r y b e c a u s e of the c u m b e r s o m e n u m e r i c a l c a l ­

cu la t ions which w e r e n e c e s s a r y in o r d e r to c o r r e c t for the effects of 

finite s l i t wid ths , e l e c t r o n - b e a m d i v e r g e n c e , and the inhomogeneous 

e l e c t r i c f ield in the ion c h a m b e r of the m e a s u r i n g a p p a r a t u s . This 

note d e s c r i b e s a method of a n a l y s i s which is c o n s i d e r a b l y s i m p l e r and 

poten t ia l ly m o r e a c c u r a t e than tha t u sed p r e v i o u s l y . 

F i g u r e 45 is a ske tch of the c h a m b e r w h e r e ions a r e 

fo rmed in the m a s s s p e c t r o m e t e r M A - 1 7 . The dot ted l i nes ind ica te 

equipotent ia l l ines of an e l e c t r i c field of the type ex i s t ing wi th in the 

ion s o u r c e . This field is n e c e s s a r y in o r d e r to focus an ion b e a m of 

usab le in tens i ty out of the c h a m b e r and t h r o u g h the e n e r g y a n a l y z e r . 
1 

J . E . Monahan and H. E . Stanton, J . C h e m . P h y s . 37, 2 6 5 4 ( 1 9 6 2 ) . 

2 
H. E . Stanton and J . E . Monahan , P h y s i c s D iv i s ion S u m m a r y R e -

po r t , ANL-6326 (March 1961), p . 55 . 
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F i g . 4 5 . A s k e t c h of the ion c h a m ­
b e r , showing the d i r e c t i o n of 
i n c i d e n c e of the e l e c t r o n b e a m 
and the d i r e c t i o n of e m e r g e n c e 
of the ion b e a m . The do t t ed 
l i nes i nd i ca t e e q u i p o t e n t i a l 
l ines of a t yp ica l d r a w i n g - o u t 
f i e ld . 

IONS 

H o w e v e r , the d r a w i n g - o u t f ield c a u s e s some defocus ing of the inc iden t 

e l e c t r o n b e a m and, s i nce ions a r e f o r m e d a t d i f fe ren t p o t e n t i a l s , the 

m e a s u r e d d i s t r i b u t i o n of the e n e r g y of f o r m a t i o n is d i s t o r t e d by t he se 

s p a t i a l e f f ec t s . 

In the e x p e r i m e n t a l a r r a n g e m e n t d e s c r i b e d above , the 

m e a s u r e d yield Y(E) of a p a r t i c u l a r ionic f r a g m e n t as a function of i ts 

k ine t i c e n e r g y is g iven by the equa t ion 

E+b £ 
Y(E) = A / dE / dy g(y) T ( f - y ) , 

E - b 0 
(1) 

w h e r e g(y) dy is the p r o b a b i l i t y that the ion is f o r m e d in the reg ion in 

which the e l e c t r i c po ten t i a l is be tween y and y+ dy, T(z)dz is the p r o b ­

a b i l i t y tha t at the i n s t a n t of f o r m a t i o n the ion has k ine t ic e n e r g y be tween 

z and z + d z , 2b is the e n e r g y equ iva len t of the s l i t widths of the e n e r g y 

a n a l y z e r , and A is the i n t e g r a t e d i n t e n s i t y of the ion tha t is being a n a l y z e d . 

The e n e r g y E is equa l to the m e a s u r e d k ine t ic e n e r g y of 

the f r a g m e n t if the po ten t i a l y is a s s i g n e d the va lue z e r o at the e n t r a n c e 

s l i t s of the e n e r g y a n a l y z e r . F o r th i s cho ice of z e r o p o t e n t i a l , no ions 

a r e f o r m e d in the spa t i a l v o l u m e a s s o c i a t e d with s m a l l va lues of y. In 

p a r t i c u l a r , no ions a r e f o r m e d for va lue s of y l e s s than the e n e r g y e q u i ­

v a l e n t of the s l i t openings of the a n a l y z e r so tha t 

?(y) = 0 f o r y « b . (2) 
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With th is condi t ion on the function g(y), the L a p l a c e t r a n s f o r m Y(s) 

of the y ie ld Y(E) defined by E q . (1) b e c o m e s 

sY(s) = A ( e ' ^ - e " ' * ' ) l ( s ) T ( s ) , (3) 

w h e r e g'(s) and T(s) a r e the t r a n s f o r m s of g(y) and T(z ) , r e s p e c t i v e l y . 

Ideal ly the d i s t r i bu t i on g(y), and c o n s e q u e n t l y i t s t r a n s f o r m g(s ) , d e ­

pends only on the t a r g e t gas and the d r a w i n g - o u t f ie ld and not on the 

p a r t i c u l a r ionic f r a g m e n t o b s e r v e d . Thus if Y (s) d e n o t e s the t r a n s ­

form of the yield of s o m e s t a n d a r d f r a g m e n t for wh ich the c o r r e s p o n d i n g 

d i s t r i bu t ion T (s) is known, then f rom E q . (3) the r a t i o of the t r a n s f o r m 
P 

of the yield of the m e a s u r e d f r a g m e n t to that of the s t a n d a r d can be 

solved to give 

T(s) = A Y(s) T ( s ) / [A Y (s)] . (4) 
P P P 

All r e f e r e n c e s to d i s t o r t i o n s c a u s e d by f ini te s l i t w i d t h s , i nhomogeneous 

e l e c t r i c f ie lds , and o the r p e r t u r b a t i o n s have been e l i m i n a t e d by tak ing 

the r a t io leading to E q . (4) and the . inverse t r a n s f o r m of th i s equa t ion r e ­

p r e s e n t s the fo rma l so lu t ion for the d i s t r i b u t i o n of f o r m a t i o n e n e r g y for 

the given ionic f r a g m e n t . 

If the yield d i s t r i b u t i o n of the p a r e n t ion is t a k e n a s the 

s t anda rd , t h e r e is no kinet ic e n e r g y due to f r a g m e n t a t i o n and the e n e r g y 

d i s t r ibu t ion is s imp ly that of the t h e r m a l mot ion of the m o l e c u l e s of the 

t a r g e t gas at the " t e m p e r a t u r e " 0 of the ion s o u r c e , i . e . . 

T (z) = 2 z i / 2 e'^^®/jl^m 

a n d 

p - • . - • - . ( 5 ) 

Tp(s) = ( 0 s + l ) - 3 / 2 . (6) 
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In o r d e r to avo id the n u m e r i c a l e v a l u a t i o n of the con tour 

i n t e g r a l tha t g ives T(z) in t e r m s of the r i g h t - h a n d s ide of E q . (4), the 

t r a n s f o r m T(s) can be ob ta ined for any r e a s o n a b l e funct ion T(z) and the 

p a r a m e t e r s of the d i s t r i b u t i o n e v a l u a t e d d i r e c t l y by m e a n s of E q . (4). 

F o r e x a m p l e , for f r a g m e n t a t i o n p r o c e s s e s tha t r e s u l t f rom a q u a s i -

t h e r m a l e x c i t a t i o n of the m o l e c u l a r ion (as p o s t u l a t e d in the s t a t i s t i c a l 

3 

t h e o r y of m a s s s p e c t r a ) it s e e m s r e a s o n a b l e to a s s u m e that the d i s t r i b u ­

t ion of f r a g m e n t a t i o n e n e r g y can be a p p r o x i m a t e d by the Maxwel l e n e r g y 

d i s t r i b u t i o n for p a r t i c l e s e v a p o r a t e d f rom a s u r f a c e a t " t e m p e r a t u r e " (3. 

The d i s t r i b u t i o n T(z) is ob ta ined by " a d d i n g " the f r a g m e n t a t i o n e n e r g y 

and the e n e r g y a s s o c i a t e d wi th the t h e r m a l mot ion of the t a r g e t g a s . 

T(z) 
P2y'-,1(5,3 

j dx x i ' 2 (z-x) exp 
(z-x) 

® 
(7) 

The t r a n s f o r m of th is d i s t r i b u t i o n is 

T ( s ) = ( ® s + l ) - 3 / 2 (jJs + l ) - 2 , (8) 

Subs t i tu t ion of E q s . (8) and (6) into E q . (4) g i v e s 

A 
A (ps + 1): 

P 

Y(s) 

Yp(s) 
(9) 

Thus the " m e a s u r e d " r a t i o Y ( s ) / Y (s) has a s e c o n d - o r d e r pole at 

s = P" i and the " t e m p e r a t u r e " j3 which c o m p l e t e l y c h a r a c t e r i z e s the 

H. M . R o s e n s t o c k , M . B . W a l l e n s t e i n , A . L . Wahrha f t ig , and H . 
E y r i n g , P r o c . N a t l . A c a d . Sc i . US 3^, 667 (1952). 
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d i s t r i b u t i o n (7) can be d e t e r m i n e d d i r e c t l y f rom E q . (9). 

A second d i s t r i b u t i o n which is of c o n s i d e r a b l e i n t e r e s t 

is that which would apply if the f r a g m e n t a t i o n p r o c e s s s t a r t s f rom a 

r epu l s ive e l e c t r o n i c s ta te in the p a r e n t m o l e c u l a r ion . In th i s c a s e 
2 

the d i s t r i bu t i on of the f r a g m e n t a t i o n e n e r g i e s b e c o m e s 

T(z) = C e ' " ^ s inh (^ V ^ ' ) . (1°) 

whe re 

C = exp [-m'Q/(M(£; )] / ^ i T m ' m e Q / M 2 

a = M / ( m ®) , 

a n d 

^ = 2 . \ / M m ' Q / m 2 ® 2 . 

H e r e Q is the e n e r g y r e l e a s e d in a f r a g m e n t a t i o n p r o c e s s in which a 

pa ren t ion of m a s s M decays into a f r a g m e n t ion of m a s s m and a 

neu t r a l f r agmen t of m a s s m ' . The t r a n f o r m of the d i s t r i b u t i o n (10) is 

T(s) = ^[V C(s + Q ) - 3 / 2 e x p [ i f , 2 ( s + Q ) - i ] , (11) 

and the value of Q that c h a r a c t e r i z e s th i s d i s t r i b u t i o n can be ob ta ined 

from Eq. (4) which h e r e t akes the form 

A A£®s + M\ ^ /• m ' s Q \ Y(s) , . _. 

P ^ Y s) 
P 

The c r i t i c a l c a l cu l a t i on in th i s a n a l y s i s is t he a c c u r a t e 

evaluat ion of the r a t i o Y(s) /Y (s) for a range of v a l u e s of s suff ic ient 

for the d e t e r m i n a t i o n of the p a r a m e t e r s that c h a r a c t e r i z e the d i s t r i b u t i o n 



11-40-11 61 

funct ion T ( z ) . S ince t h i s r a t i o is def ined in t e r m s of m e a s u r e d 

q u a n t i t i e s Y(€) and Y (e), i . e . . 

/ d e e " " Y(e) 
Y(s) _ 0 

~ °° -Sc 
Y (s) f d t e ^ Y ( 0 

(13) 

/ • 

t h e s e t r a n s f o r m s m u s t be e v a l u a t e d by n u m e r i c a l i n t e g r a t i o n . This 

i m p l i e s tha t the t r a n s f o r m s m u s t be a p p r o x i m a t e d by i n t e g r a l s with 

f in i t e u p p e r l i m i t s . F o r s S 0 the e r r o r i n t r o d u c e d by t h i s a p p r o x i m a ­
t e 

t i o n is of the o r d e r (c + l )e w h e r e c is the r a t i o of the upper l imi t 

of the a p p r o x i m a t i o n i n t e g r a l s t o the " t e m p e r a t u r e " of the f r a g m e n t 

ion be ing c o n s i d e r e d . It i s u s u a l l y p o s s i b l e to m e a s u r e the yield Y(«) 

for v a l u e s of 6 such tha t c & 5 . 

A s e c o n d point c o n c e r n i n g the " m e a s u r e m e n t " of t he 

r a t i o (13) shou ld be m e n t i o n e d . It is n e c e s s a r y tha t the y ie lds Y(E) 

and Y U) be m e a s u r e d r e l a t i v e to the s a m e z e r o va lue for e . If in 
P 

the t i m e i n t e v a l b e t w e e n the m e a s u r e m e n t of t h e s e y ie lds the e n e r g y 

a n a l y z e r h a s d r i f t ed by an amoun t 5e , t hen the c a l c u l a t e d va lue of 

Y ' ( S ) / Y ( S ) is e'^ ^ t i m e s the t r u e v a l u e . Such d r i f t s m u s t be t a k e n 

in to accoun t a n a l y t i c a l l y in o r d e r to obta in r e l i a b l e v a l u e s for the 

p a r a m e t e r s of the d i s t r i b u t i o n T(z) f rom th i s me thod of a n a l y s i s . 
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V. THEORETICAL PHYSICS, GENERAL 

V-1-2 . Deformation Energy of a Charged Liquid Drop (51210-01) 

S. Cohen and W. J. Swiatecki 
Reported by S. Cohen 

The uniformly charged liquid drop has been used as a model 

for the calculation of many of the propert ies of nuclei. The application of 

this model to the p rocess of nuclear fission has led to some understanding 

of qualitative features of the process but quantitative calculations have not 

been ca r r i ed out for pa ramete r s corresponding to those of real nuclei. In 

the present study, resul ts have been obtained which bear directly on the ex­

perimental ly observed fission of nuclei. The resul ts presented here were 

obtained by numerical techniques making use of an IBM-7090 computer. 

For our model we consider a liquid drop with an electric 

charge distributed uniformly throughout its volume. In this idealization 

the total potential energy of the drop consists of two par t s , the electrostatic 

energy E and the surface energy E due to the surface tension of tlie liquid. 

A dimensionless pa ramete r , the fissionability parameter x, is used to char­

acter ize a given drop. This parameter can be considered as a measure of 

the charge on the drop. The parameter x for a drop of any shape is defined 

as equal to the quotient (E^/2Eg)^ ^^^^ for a spherical liquid drop with the 

same charge, volume, and surface tension as the drop under consideration. 

Nuclei which fission have values of x which range between 0. 6 and 0. 8. 

We have res t r i c ted our calculations to shapes which are 

axially symmet r i c . The saddle-point shapes are further res t r ic ted to sym­

metry about a plane perpendicular to this axis; but small asymmetr ic d is ­

tortions about this plane were considered in the investigations of the 

stabilit ies of the saddle-point shapes. 

^Lawrence Radiation Laboratory, University of California, Berkeley. 
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In o r d e r to u n d e r s t a n d the s ign i f i cance of the s add l e po in t in 

the p o t e n t i a l - e n e r g y s u r f a c e , it i s p e r h a p s b e s t to c o n s i d e r the b a s i c quan ­

t i t a t ive a s p e c t s of the p r o b l e m . The s p h e r e i s a lways a s h a p e of e q u i l i b r i u m 

for a c h a r g e d l iquid d r o p . F o r x l e s s than 1. 0 the s p h e r e i s a s t ab l e shape 

of e q u i l i b r i u m . F o r x l a r g e r than 1. 0 it i s an u n s t a b l e shape of e q u i l i b r i u m . 

As a g r o s s a p p r o x i m a t i o n to the shape at the t i m e of s c i s s i o n , 

i . e . , at the in s t an t of b r e a k i n g a p a r t in the f i s s i on p r o c e s s , l e t u s c o n s i d e r 

two equal s p h e r e s in con tac t , the to ta l vo lume and c h a r g e of t h e s e s p h e r e s 

being equal to the volume and c h a r g e of the o r i g i n a l s p h e r e . F o r x > 0. 34 

this conf igura t ion has a lower to ta l e n e r g y than tha t of the s ing le s p h e r e . 

F o r 0. 34 <J X < 1.0, t h e r e f o r e , the p r o c e s s i s e x o t h e r m i c but not spon tane ­

ous s ince the s p h e r i c a l shape is i t se l f s t a b l e . The p a r t i c u l a r va lue x = 0 .34 

is of c o u r s e not the c o r r e c t value s ince the s i m p l e con f igu ra t i on g iven i s not 

one which is l ike ly to occur in the f i s s i on p r o c e s s . The a c t u a l shape at 

s c i s s i o n depends on the d y n a m i c s of the p r o b l e m and would be qui te difficult 

to a s c e r t a i n . N e v e r t h e l e s s for s o m e value of x in th i s n e i g h b o r h o o d the f i s ­

sion p r o c e s s does b e c o m e e x o t h e r m i c . The e x c i t a t i o n e n e r g y r e q u i r e d for 

f i s s ion of the s p h e r e is a p r o b l e m of i n t e r e s t in t h i s s tudy . 

In the conf igura t ion space d e s c r i b i n g the s h a p e s of d r o p s , 

cons ide r now al l p o s s i b l e pa ths that l e a d f rom one s p h e r e to the unknown 

s c i s s i o n shape . The po ten t i a l e n e r g y along th i s pa th m u s t f i r s t r i s e 

( s ince the sphe re is s t ab le ) but m u s t even tua l ly end up at a va lue be low the 

in i t i a l value ( s ince the p r o c e s s i s e x o t h e r m i c ) . C o n s i d e r now the m a x i ­

m u m po ten t i a l ene rgy r e a c h e d on th is p a t h . E v e r y p a t h m u s t have such a 

m a x i m u m but the va lue depends upon the p a r t i c u l a r pa th fo l lowed. F o r 

some pa ths th is m a x i m u m value is the s m a l l e s t p o s s i b l e v a l u e . Th i s l e a s t 

m a x i m u m is the l e a s t k ine t ic ene rgy tha t the in i t i a l s y s t e m m u s t have in 

o r d e r to p a s s the po ten t i a l b a r r i e r a r o u n d the s t ab l e s p h e r i c a l s h a p e . The 

c o n f i g u r a t i o n - s p a c e point c o r r e s p o n d i n g to th i s l e a s t m a x i m u m i s a sadd le 

point in the p o t e n t i a l - e n e r g y s u r f a c e . If th i s s add le po in t i s a m a x i m u m in 
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F i g . 46, Sadd l e -po in t s h a p e s for v a r i o u s v a l u e s of x. 
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only one direction, the value of the potential energy (relative to the 

sphere) at this point corresponds to the threshold energy for the fission 

process . 

A simple example of the argument above is that of deter­

mining a path across a mountain range. The optimum paths are those 

that have the lowest maximum altitude along the path. Many such paths 

exist. The point in common for these paths is the saddle point in some 

mountain pass whose altitude, if you like, corresponds to the threshold 

excitation energy a mountaineer must have to cross the mountain. 

We have located the saddle points in the potential-energy 

surface for values of the parameter x between 0. 3 and 1. 0. The shapes 

of the liquid drops at typical saddle points are shown in Fig. 46. 

0.0 s 

Fig. 47. The relative distortion 
energy ^ for saddle-point shapes, 
as a function of x. The numbers 
in parentheses indicate the degree 
of instability. Threshold energies 
correspond to the label (1). The 
transition from an almost linear 
dependence on x to an almost cubic 
dependence on (1 - x) occurs close 
to X = 0. 67. The small circles 
connected by a thin line correspond 
to the energy of two equal spher­
oids whose tips are held at a con­
stant separation. The limiting 
behavior of ^ at small values of x 
is indicated in the upper left-hand 
corner. The significance of x^ 
is shown in Fig. 49. BG 
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In Fig. 47 the energy of these saddle points is given as a 

function of x. The energy is measured in units of the surface energy of 

a sphere of unit volume. 

In addition to locating the saddle points, we investigated 

the potential-energy surface in the neighboring region. This was done 

for both symmetric and asymmetr ic configurational displacements from 

the saddle point. The resul ts a re most conveniently displayed by given 

second derivatives of the potential in directions of the usual normal-

mode representat ion. Figure 48 

shows the second derivatives c in 

the lowest two modes for symmetric 

distortion. The negative value of 

c indicates that this mode c o r r e -
2 

sponds to the direction of descent 

away from the saddle point. Its 

value is an indication of the rapidity 

of the change in the slope near the 

saddle point. Similarly the positive 

values of c indicate that this mode 
4 

is in the direction of increasing 

energy. 

Figure 49 is a 

similar plot for the lowest two 

asymmetr ic distort ions. In 

par t icular , c^ corresponds to a 

center -of -mass movement (an 

asymmetr ic displacement about 

the plane of symmetry) and should 

have a true value of 0. 0. The e r r o r s of our approximate results are 

therefore indicated in part by this discrepancy. Note that c^ is negative 

Fig. 48. The stiffnesses c and c , 
corresponding to symmetric dis­
tortions, as functions of x. (Note 
that c is plotted on a scale r e ­
duced by 10. ) The slight scatter 
of the points reflects inaccuracies 
in the numerical procedures which 
are beginning to show up in the 
second derivatives c . 
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F i g . 49. The s t i f fnesses ĉ ^ and 
c , c o r r e s p o n d i n g to a s y m m e ­
t r i c d i s t o r t i o n s , as functions of 
X. Note the c o m p l i c a t e d b e h a v ­
ior of c and the c r i t i c a l point 

3 ^ 
X , whe re c changes s ign. 

BG 3 

F i g . 50. The r e c i p r o c a l of the 
effect ive m o m e n t of i n e r t i a 
"f , a s funct ion of x. 
«< eff 

for X < 0 .39 . This i nd i ca t e s that the s a d d l e - p o i n t shape for th is r eg ion 

has two d e g r e e s of ins tab i l i ty , one s y m m e t r i c and one a s y m m e t r i c . 

The saddle point does not t h e r e f o r e c o r r e s p o n d to a t h r e s h o l d e n e r g y for 

the f i ss ion p r o c e s s . 

The r a t h e r r ap id t r a n s i t i o n of p r o p e r t i e s in the n e i g h b o r ­

hood of X - 0. 67 is of i n t e r e s t s ince th is in fact i s the r e g i o n c o r r e s p o n d ­

ing to f i ss ionable nuc le i . In p a r t i c u l a r , an e x p e r i m e n t a l l y m e a s u r a b l e 

quanti ty, the effective m o m e n t of i n e r t i a of the s a d d l e - p o i n t shape 

(F ig . 50) is shown to be r a t h e r s ens i t i ve to the p a r t i c u l a r va lue of x 

chosen . This i nd i ca t e s that ex t r apo l a t i ons in the r eg i o n a round x = 0. 67 

mus t be done with c a r e . 
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V-11-1 . Resonance Theory of Nuclear Reactions Without 
Boundary Conditions (51210-01) 

Alvin M. Saperstein 

The usual attempts to derive a resonance theory for r e ac ­

tions of the type b + B -• c + C usually require the separation of space 

into an inner and outer region, the solution of the Schrodinger equation 

in the inner region with unphysical boundary conditions, and the matching 

of the external solutions to the "quasi-bound-state" inner solutions at 
1 

some fixed channel rad ius . I have tr ied to avoid this approach by using 

the LSZ formalism to derive a Low-type equation from which the reso­

nances may be obtained without any explicit use of a Schrodinger equation, 

boundary conditions, or separations of the configuration space. 

If spin, isotopic spin, and Coulomb effects are neglected, 

the Lth component of the transit ion matrix can be written 

00 p ( E ' , L ) d E ' 

T^.(E, L) = S^.(E,L) + - / 
f l f l IT "1 

fi' 
E' - E - is 

0 

where T is the boundary value of a real analytic function in the complex 
fi 

E plane cut along the positive real axis, S is a smooth "source function" 

(a generalized Born term), and 

p^^(E, L) ^ Im T^.(E, L) = ^ M E , L) T^%E, L) T^.(E. L) . 

Hprp n (E L) °̂  N/E - E for E > E and is zero otherwise; and E n e i c p^v'-r, j . ^ ; n n n 

represen ts the threshold energies for the allowed intermediate s tates . 

We write 

^See, for example, J. Humblet and L. Rosenfeld, Nuclear Phys. Zb_, 
529 (1961), and references therein. 
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•̂  r 1 r 
P.p= Z , ^ ( ^ - V - ^ ( ^ - \ 4 l > Pap 

n = 1 '- •' 

w h e r e p can now be defined by ana ly t i c con t inua t ion for a l l E . The 

ana ly t ic cont inua t ion is ob ta ined by not ing that 

P a r ( E + i ^ ) = I Pp(E + i . ) T ^ p ( E + i , ) [ T p . ( E + i , ) - 2 T r p p . " ( E + i E 'j 
n n , n 

so that , by K r a m e r ' s r u l e , p^. ( E ) = A „ . ( E ) / A . (E) , w h e r e 
•̂ Pi pi 1 

|6 _ + 2 T T P ^ ( E ) T ( E ) | 
1 ap p ap i 

Defining P„(E) °̂  JE^ - E to have a cu t a long the r e a l E ax i s f r o m - E 
n 

to + E we see that p (E) i s now a r e a l , m e r o m o r p h i c funct ion in the E 

p lane cut f rom - E to + E and f rom + E , to + on. The po l e s of p 
n n n + 1 "̂ Pi 

n 
come at the z e r o e s of A. (E) which a r e p l a c e d s y m m e t r i c a l l y with r e s p e c t 
to the r e a l E a x i s . We see that n „ i s a cont inuous function of E a long the 

ap ° 

r e a l ax is but d p / d E m a y not ex i s t at E b e c a u s e of the p (E) a p p e a r i n g 

in A(E) . This g ives r i s e to the we l l -known c u s p s in the s c a t t e r i n g a m p l i ­

tude at the t h r e s h o l d e n e r g i e s for new r e a c t i o n c h a n n e l s . In the n e i g h ­

borhood of a s ingle l o w - e n e r g y i s o l a t e d pole of A (E) at E = « ± i F , 
m m 

we obtain the B r e i t - W i g n e r type r e s o n a n c e f o r m u l a 

Pap <^) 

P ^ 

PaPp 

1 / 4 

s in(x + Y ) - cos (v 
F '^PO '*-aO ^"-po 

1 
X ) I '^aO ' 

r '''r "' 
am pm 

(E - 6 )2 + r 2 
m m 
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where 
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r = Z r -
m '-' am a 

1 / 2 - , 

^ p m ' t ^ P p P o ^ ^ i ' ^ m V o ^ ' l m ' 

Tpo'v'-Vo^'"'^"' 
I* , 

q e ' ^ = Q = 2 I T — [p ( E ) T ( E ) ] m m dE '•0 00 'E = i 
m 

At present , this work is being continued in the hope of clari­

fying the relation between the above generalized resonance theory and the 
2 

formulation of direct interactions as found in a recent preprint . 

A. M. Saperstein, Calculation of Deuteron Stripping Amplitudes 
Using S-Matrix Reduction Techniques (to be published). 

V-33-5. The Supercurrent State (formerly "Flux Quantization 
and Time-Reversa l Degeneracy") (51300-01) 

Murray Peshkin 
1 

The method of Byers and Yang has been modified for 

application to a cur ren t -car ry ing superconducting ring. Discussion is 

l imited to a cylindrical superconducting shell which is thin by the c r i ­

terion 

A * « i r f i c / e , (^) 

^N. Byers and C. N. Yang, Phys. Rev. Let ters J , 46(1961) 
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w h e r e A $ is the ( e x t e r n a l or induced) m a g n e t i c flux which p a s s e s t h r o u g h 

the body of the s u p e r c o n d u c t o r . This c r i t e r i o n i s s a t i s f i e d in the flux quan ­

t i za t ion e x p e r i m e n t s , even though the s a m p l e s a r e th ick enough to exhib i t 

the M e i s s n e r effect . The new f e a t u r e of th i s t r e a t m e n t i s tha t in i t the 

z e r o - o r d e r a p p r o x i m a t e H a m i l t o n i a n i n c l u d e s the nnutual m a g n e t i c i n t e r ­

ac t ion of the e l e c t r o n c u r r e n t s . This i n t e r a c t i o n i s then t r e a t e d by the 

s e l f - c o n s i s t e n t - f i e l d me thod . 

It i s found tha t s y s t e m a t i c p a i r d e g e n e r a c y of s i n g l e - p a r t i c l e 

s t a t e s o c c u r s at va lues of the induced flux $ which a r e r e l a t e d to the e x -
s 

t e r n a l flux $ by 

$ + ( 1 + y) $ = n(Trfic/e), (2) 
e s 

w h e r e n i s an a r b i t r a r y i n t e g e r . The p o s i t i v e c o n s t a n t y i s given by 

y = mc2 /o -e2 , (3) 

whe re o- i s the n u m b e r of e l e c t r o n s p e r uni t l eng th of c y l i n d e r . 

The d e g e n e r a t e p a i r s at s e l e c t e d v a l u e s of $ f o r m the bas i s 
s 

of a c u r r e n t - c a r r y i n g BCS s t a t e , i d e n t i c a l in f o r m to the u s u a l z e r o - c u r r e n t 

BCS s t a t e , but buil t on a shif ted F e r m i s e a . The e n e r g y of the c u r r e n t -

c a r r y i n g s ta te i s equal to that of the z e r o - c u r r e n t s t a t e , excep t for the 

kinet ic and m a g n e t i c e n e r g i e s of the s u p e r c u r r e n t . 

The p r e s e n c e or a b s e n c e of the M e i s s n e r effect ( r e p r e s e n ­

ted h e r e by the l i m i t y — 0) p l ays no r o l e in t h e s e c o n s i d e r a t i o n s . 
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V-38-1 Par t ic les with Zero Mass and Pa r t i c l e s with "Small" Mass 
~ (51151-01) 

F . Coester 

The classification of the i r reducible representat ions of the 

inhomogeneous Lorentz group and explicit real izat ions of physical interest 
1-7 

are well known. Representat ions for ze ro -mass and nonzero-mass 

part icles are charac ter ized by different invariants and are qualitatively 

distinct. 

On physical grounds one should expect that part icles with 

energies large compared to their mass "would be indistinguishable from 

zero-mass par t ic les . In other words, one should be able to obtain the 

realizations of the ze ro -mass representat ions by continuous transition 

from the case of nonzero mass . The purpose of this paper is to exhibit 

this transit ion explicitly. 

The formal limit m -. 0 in the usual realization, Eqs. (3) 

below, leads to a reducible representat ion. By a simple canonical t r ans ­

formation this real izat ion is automatically reduced in the limit of vanish­

ing mass . 

The generators of the inhomogeneous Lorentz group are 

the space t ranslat ions P , the time displacement H, the space rotations JT, 

and the proper Lorentz transformation K̂ . 

^ E . P . Wigner, Ann. Math. ^ , 149 (1939). 

^V. Bargmann and E. P . Wigner, P roc . Natl. Acad. Sci. U. S. 3_4, 
211 (1948). 

' ' B . Bakamjian and L . H . Thomas, Phys . Rev. n , 1300(1953). 

^ L . L. Foldy, Phys . Rev. _1_02, 568(1956). 

^lu. M. Shirokov, J. Exptl. Theoret. Phys. ( U . S . S . R . ) ^ , 861, 
1196, 1208 (1957); M, 7 17 ( 19 57); 3_6, 879(1959). 

^ M. A. Melvin, Revs. Modern Phys. 32.. 477(1960). 

' " j . S. L o m o n t a n d H . E. Moses, J. Math. Phys. 3^, 405(1962). 
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The s t a t e s of a p a r t i c l e with m a s s m and sp in s m a y be 

r e p r e s e n t e d by the function ijj(p, |j.) with the n o r m 

| | + r = Z /"^P l^<P't">l^' (^) 

w h e r e p is the m o m e n t u m and (x i s the 3 c o m p o n e n t of the sp in ( - s ŝ p. ^ s ) . 

A c o m p l e t e se t of o p e r a t o r s o p e r a t i n g on t h e s e funct ions i s g iven by p , x, 

and s, w h e r e x i s defined by 

X j ^ = i ^ ( k = l , . . . , 3 ) . (2) 

The spin s_ c o m m u t e s with both_x_and p . The t h r e e c o m p o n e n t s of s sa t i s fy 

the u sua l c o m m u t a t i o n r u l e s of angu la r m o m e n t a . 

The g e n e r a t o r s of the L o r e n t z g roup a r e then r e a l i z e d as 

P = ^ , 

1 / 2 
H = (p2 + m 2 ) = CO ^ 

(3) 

J = X X P + s , 

1 (.S,X p ) 
K = - 2 ( x c o + a ) x ) - -^=^ (u) - m ) , 
^ ~~ ^ p 2 

w h e r e p = | ^ | . I t i s e a s y t o v e r i f y t h a t ( ^ • £ ) / p C o m m u t e s w i t h a l l g e n e ­

r a t o r s of t h e g r o u p if m = 0 . T h e r e s u l t i n g r e p r e s e n t a t i o n i s n o w r e d u c i ­

b l e e x c e p t f o r s = 0 . If s p a c e r e f l e c t i o n s a r e i n c l u d e d , t h e r e p r e s e n t a t i o n 

f o r s = i i s s t i l l i r r e d u c i b l e . S i n c e ^ a n d j _ d o n o t c o m m u t e w i t h ( s . p ) / p , 

a c o m p l e t e s e t of o p e r a t o r s on t h e i n v a r i a n t s u b s p a c e s i s n o t i m m e d i a t e l y 

a p p a r e n t . I t i s a p p a r e n t , h o w e v e r , h o w w e m a y o b t a i n a n e q u i v a l e n t r e p ­

r e s e n t a t i o n t h a t IS a l r e a d y r e d u c e d i n t h e l i m i t of v a n i s h i n g m a s s : W e 

m u s t d i a g o n a l i z e ( s • p ) / p . 
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Le t U be a u n i t a r y o p e r a t o r wh ich c o m m u t e s with P and 

t r a n s f o r m s s - p a c c o r d i n g to 

u \ s . p _ ) U = psg , (4) 

and def ine 

q = UxU""" 

+ ( 5 ) 
s^ = xs sy . 

If we r e p r e s e n t s t a t e s by funct ions of p and the e igenva lue 

of s ', then q i s r e p r e s e n t e d by i 9 / 9 p W r i t t e n as a funct ion of q, p , 
k k ^ >>.- „ -

and s ' , the g e n e r a t o r J i s i d e n t i c a l with that given by Sh i rokov for z e r o -

m a s s p a r t i c l e s . The g e n e r a t o r K b e c o m e s i den t i ca l to S h i r o k o v ' s z e r o -

m a s s r e a l i z a t i o n for m = 0. As a p o s s i b l e p o s i t i o n o p e r a t o r , q has the 

ob j ec t i onab l e f e a t u r e tha t i t s c o m m u t a t i o n r e l a t i o n s with J a r e not those 

of a v e c t o r . 

The fol lowing c o n c l u s i o n s c a n be d r a w n f r o m our r e s u l t s : 

(1) Par t i c les with "smal l" mass behave like part icles 

with zero m a s s . 

The mass m is "smal l" in this sense if it is small compared to all values 

of p for which the state function is appreciable. 

(2) High-energy par t ic les (p » m) with definite helicity 

( s . p ) / p and different spins behave alike. 

There still is of course , the well-known "metaphysical" difference be­

tween par t ic les of zero mass and par t ic les of small mass . For ze ro -mass 

par t ic les of helicity X * ^' '-1'^ occurrence of otherwise identical par t ic les 

with smaller helicity would be an accident. For par t ic les of small mass 

one must expect such par t ic les unless the interactions conspire not to 
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p r o d u c e t h e m . F o r pho tons with s m a l l m a s s , t h i s f e a t u r e h a s been i n v e s -
8 _ 1 1 

t i ga t ed e x t e n s i v e l y . 

A full r e p o r t h a s been a c c e p t e d for p u b l i c a t i o n in the M a r c h 

15 i s s u e of the P h y s i c a l R e v i e w . 

8 

L. de B r o g l i e , Mecan ique Ondu la to i r e du P h o t o n e t T h e o r i e Quantique 
des Champs ( G a u t h i e r - V i l l a r s , P a r i s , 1949), C h a p . 5. 

9 

F . J . Be l in fan te , P r o g r . T h e o r e t . P h y s . (Kyoto) 4, 2 ( 1 9 4 9 ) . 
F . C o e s t e r , P h y s . R e v . _83, 7 9 8 ( 1 9 5 1 ) . 

1 1 11 

M. M. B a s s and E . S c h r o d i n g e r , P r o c . R o y . Soc . (London) 232, 
1 (1955). 

V - 4 4 - 1 . Founda t ions of Quan tum M e c h a n i c s (51300-01) 

H. E k s t e i n 

1. A HISTORIC SKETCH 

Quantum m e c h a n i c s i s p r i m a r i l y of G e r m a n o r i g i n . T h e r e ­

fore it has an ideo log ica l p e d i g r e e . It was h e r a l d e d a s the ful f i l lment of 

a ph i losoph ica l p r o g r a m . H e i s e n b e r g ' s " K o n z e r t d e r O b s e r v a b l e n " was a 

p o s i t i v i s t i c ba t t le c r y , de sp i t e i t s e s t h e t i c o v e r t o n e s . 

Not much r e m a i n e d of t h e s e noble hopes a f te r the dus t of the 

in i t i a l s k i r m i s h e s had s e t t l ed . F a r f rom dea l ing with quan t i t i e s m o r e d i ­

r e c t l y o b s e r v a b l e than the B o h r - S o m m e r f eld o r b i t s , quan tum m e c h a n i c s 

had to s ta te i t s ba s i c a s s u m p t i o n s in t e r m s of n o n o b s e r v a b l e ( complex) 

wave functions or m a t r i c e s . The p h y s i c a l i n t e r p r e t a t i o n , to be s u r e , r e ­

l a t ed t he se u n o b s e r v a b l e quan t i t i e s to o b s e r v a b l e s ; but it r e m a i n s an 

u n p r e c e d e n t e d d e p a r t u r e f rom the p a t t e r n of p a s t p h y s i c a l t h e o r i e s that 

the sub jec t s of the p r i m e p r i n c i p l e s of quan tum m e c h a n i c s a r e not o b s e r ­

v a b l e s . 
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It was i nev i t ab l e that s o m e c o n s e r v a t i v e s shou ld t r y to r e ­

t u r n to the t r a d i t i o n , and P a s c u a l J o r d a n m a d e j u s t s u c h an a t t e m p t wi th 

h i s " A n s c h a u l i c h e Q u a n t e n m e c h a n i k . " In th i s t h e o r y , the on ly b a s i c q u a n ­

t i t i e s a r e o b s e r v a b l e s , and the p r i n c i p l e s a r e c o u c h e d in o p e r a t i o n a l 

t e r m s . The hope was that such a f o r m u l a t i o n cou ld be shown, by p u r e l y 

deduc t ive man ipu l a t i ons^ to be e q u i v a l e n t to e i t h e r c o n v e n t i o n a l q u a n t u m 

m e c h a n i c s or — and th i s i s w h e r e t he e x c i t e m e n t of d i s c o v e r y b e g i n s — t o 

some o t h e r , m o r e g e n e r a l t h e o r y . 

J o r d a n a s s u m e d t h a t the fol lowing o p e r a t i o n s b e t w e e n o b ­

s e r v a b l e s a r e o p e r a t i o n a l l y def ined ; add i t i on , m u l t i p l i c a t i o n by r e a l 

n u m b e r s , and s q u a r i n g . The a l g e b r a of o b s e r v a b l e s so def ined — the 

J o r d a n a l g e b r a — can be r e a l i z e d or r e p r e s e n t e d by o p e r a t o r s on H i l b e r t 

s p a c e , and thus one c a n r e c o v e r c o n v e n t i o n a l q u a n t u m m e c h a n i c s . But 

i s th is r e a l i z a t i o n un ique ? If not , we have not r e a l l y ga ined m u c h ; by 

choos ing a p a r t i c u l a r r e p r e s e n t a t i o n , we h a v e a g a i n s m u g g l e d n o n p h y s i c a l , 

u n o b s e r v a b l e a s s u m p t i o n s into our p r i n c i p l e s . 

L a t e r s t u d i e s of th i s q u e s t i o n by a n u m b e r of i n v e s t i g a ­

t o r s — inc lud ing W i g n e r , v. N e u m a n n , and S e g a l — s h o w e d tha t in o r d e r to 

ob ta in s o m e r e a s o n a b l y r e s t r i c t e d cho i ce of t h e o r i e s , a n u m b e r of " t o p o ­

l o g i c a l " a x i o m s h a d to be ad jo ined to J o r d a n ' s o r i g i n a l s e t , i . e. , s t a t e ­

m e n t s c o n c e r n i n g the l i m i t s of s e q u e n c e s of o b s e r v a b l e s . Such a x i o m s 

a r e , by t h e i r n a t u r e , not r e a d i l y v e r i f i e d by e x p e r i m e n t , and th i s s e e m s 

to be a s e r i o u s de fec t of the e n t i r e a p p r o a c h . 

A n o t h e r o b j e c t i o n c o n c e r n s the b a s i c a s s u m p t i o n s of J o r d a n . 

I s i t l e g i t i m a t e to a s s u m e tha t o b s e r v a b l e s can be added and s q u a r e d ? 

F o r i n s t a n c e , if p and q a r e " n o n c o m m u t i n g " o b s e r v a b l e s , i s it p o s s i b l e 

to d e s i g n a p r o c e d u r e (p + q) which wi l l have the s a m e f r e q u e n c y d i s t r i ­

but ion of m e a s u r e m e n t s a s the s u m of the d i s t r i b u t i o n s of p and of q ? 

Nobody h a s b e e n bold enough to offer such p r e s c r i p t i o n s , and t h e r e f o r e 

the g e n u i n e l y o p e r a t i o n a l ( p r o b a b l y the b e s t t r a n s l a t i o n for " a n s c h a u l i c h " -

not p h i l o l o g i c a l l y , but o p e r a t i o n a l l y ) n a t u r e of J o r d a n ' s t h e o r y is in doubt . 
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T h e s e c o n s i d e r a t i o n s m a y have m o t i v a t e d v. N e u m a n n and 

G. Birkhoff to e x p l o r e a r a d i c a l l y d i f fe ren t avenue to the foundat ions of 

quan tum m e c h a n i c s . They i n v e s t i g a t e d the " l o g i c , " i . e . , the c a l c u l u s of 

p r o p o s i t i o n s , in p h y s i c a l t h e o r i e s of a n o n c l a s s i c a l t y p e . Unfor tuna te ly , 

it i s not e a s y to r e l a t e a p o s t u l a t e d log ica l r e l a t i ons to e x p e r i m e n t , so that 

the ve r i f i ca t ion s e e m s to be aga in v e r y i n d i r e c t . What i s m o r e , quan tum 

m e c h a n i c s does not fit into the schenne ( m o d u l a r l a t t i c e s ) which v. Neumann 

and Birkhoff c o n s i d e r as p l a u s i b l e . P e r h a p s a s a c o n s e q u e n c e of t h e s e dif­

f icul t ies , the e n t i r e field has been d e s e r t e d by p h y s i c i s t s and taken over by 

p h i l o s o p h e r s of the m o r e m a t h e m a t i c a l l y i nc l ined type , e x p e c i a l l y F r e n c h . 

This au thor i s unable to eva lua te t he i r c o n t r i b u t i o n s . 

2 . A NEW A P P R O A C H 

It m a y be a s ign of dec l ine tha t p h y s i c i s t s a r e aga in b e c o m ­

ing i n t e r e s t e d in ques t ions of founda t ions ; p e r h a p s t h e r e i s a l a c k of exc i t ­

ing news of p r a g m a t i c n a t u r e . However that m a y be , t h e r e i s a r e v i v a l of 

i n t e r e s t , and th i s au thor has an i dea to c o n t r i b u t e . 

C l a s s i c a l m e c h a n i c s d e a l s a l m o s t e n t i r e l y with p u r e , i . e . , 

c o m p l e t e l y d e t e r m i n e d p r o c e s s e s . S t a t i s t i c a l m i x t u r e s a r e u s u a l l y con­

s i d e r e d a l m o s t as an a f t e r thought . In o the r w o r d s , it i s found convenient 

to dea l with "de l ta func t ions" r a t h e r than m o r e g e n e r a l m e a s u r e s on phase 

s p a c e . 

T r a n s l a t i o n of th is r e m a r k to quan tum m e c h a n i c s puts e m ­

p h a s i s on p u r e s t a t e s , as c o n t r a s t e d to s t a t i s t i c a l m i x t u r e s , i . e . , on 

o n e - d i m e n s i o n a l p r o j e c t i o n s . I n s t e a d of t r y i n g to f o r m u l a t e a x i o m s with 

r e s p e c t to g e n e r a l e n s e m b l e s , we c o n c e n t r a t e on p u r e s t a t e s . 

The e s s e n t i a l l y new a s s u m p t i o n is that to e v e r y p u r e s ta te 

X t h e r e is a s s o c i a t e d an o b s e r v a b l e (a ques t ion) Q^, which has only Yes (1) 

or No (0) in i t s r a n g e , and which has expec t a t i on "value 1 with r e s p e c t to 

the p u r e s t a t e £ , and l e s s than 1 with r e s p e c t to any o t h e r s t a t e g, i . e . . 
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f = g , 
Exp Q < •• ( 1 ) 

^ i I < 1 ^ ^ I • 

Let us consider the nature of Q for c lass ica l phys ics . This 

Q. i s , quite l i terally, the question: are you f ? And in c lass ica l phys ics , 

a pure state is either never or always found to be f. Hence Exp Q,. = 0 

if i 7^ g. This is a special case of our Eq. (1). 

It is postulated fur thermore that the expectation value of 

the question: "are youj^?" with respect to the pure state g is the same as 

the expectation value of the question: "are you g ? " with respec t to the 

state f, i. e. , 

Exp Q = Exp Q , 
£ ^ g JE_ 

Statements concerning pure s tates can be verified by de­

tailed consideration of experiments such as polar izat ion. They a re always 

operational. It is t rue that these experiments a re always dealing, m effect, 

with only a finite number of "degrees of freedom. " 

With a reasonably small number of such postula tes , it 

seems possible to build a scheme which is mathematical ly equivalent to 

quantum mechanics . 

During a recent conversation with R. Haag, it was discov­

ered that he and Araki have had a very s imilar idea and are working on 

it. We may combine our efforts in this investigation. 
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PUBLICATIONS SINCE THE LAST REPORT 

PAPERS 

MASS SPECTROMETRIC STUDY OF THE MAGNESIUM HALIDES 
J. Berkowitz and J. R. Marquart (Project 11-29) 

J . Chem. Phys . 37^, 1853-1865 (October 15, 1962) 

ON THE IONIZATION POTENTIAL OF THE CH^ RADICAL 
J. Berkowitz and S. Wexler (Project 11-29) 

J. Chem. Phys . 3T_, 1476-1478 (October 1, 1962) 

NEUTRON DETECTION WITH GLASS SCINTILLATORS 
L. M. Boll inger, G. E. Thomas , and R. J. Ginther . . (Projec t 1-2) 

Nuclear Ins t r . and Methods j / 7 , 97-116 (1962) 

SCATTERING OF ALPHA PARTICLES BY Zn64 AND Znes 
H. W. Broek, T. H. Bra id , J. L. Yntema, and 
B. Zeldman (Project 1-22) 

Nuclear Phys . _38, 305-315 (1962) 

STATES IN BIO FROM ELASTIC SCATTERING OF ALPHAS BY Lis 
G. Dearnaley, D. S. Gemmel l , a n d S . S. Hanna. .(Unattached) 

Nuclear Phys . 3i6,71-81 (July 1962) 

NEUTRON BACKGROUND DUE TO Ta BACKINGS FOR LITHIUM 
TARGETS 

C. T. Hibdon . (Project 1-98) 
Nuclear Ins t r . and Methods J/?, 177-180 (1962) 

THE MOSSBAUER EFFECT IN METALLIC IRON 
R. S. P r e s ton , S. S. Hanna, and J . Heberle . . . (Project I-19) 

Phys . Rev. j ^ , 2207-2218 (December 1, 1962) 

RADIATION SHIELDING STUDIES AT THE NAVAL CIVIL ENGIN­
EERING LABORATORY 

H. E . Stanton (Unattached) 
Naval Resea rch Reviews (November 1962), pp. 13-16 

A BORON-LOADED LIQUID SCINTILLATION NEUTRON DETECTOR 
USING A SINGLE PHOTOMULTIPLIER 

G. E . Thomas (Project 1-22) 
Nuclear Ins t r . and Methods 17, 137-139 (1962) 
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A B S T R A C T S 

New Y o r k m e e t i n g of t he A m e r i c a n P h y s i c a l S o c i e t y , J a n u a r y 2 3 - 2 6 , 

1963. 

K 3 a ( p , a ) A r 3 s REACTION 
R. G. A l i a s , D. von E h r e n s t e i n , L . M e y e r - S c h u t z m e i s t e r , 
and J . A . W e i n m a n ( P r o j e c t 1-21) 

B u l l . A m . P h y s . Soc . 8̂ , 48 (23 J a n u a r y 1963) 

REACTION Bii(p,y)Ci2 m THE RANGE 4 < Ep < 10 MEV 
R. G. A l i a s , S. S. H a n n a , L . L . L e e , J r . , L . M e y e r -
S c h u t z m e i s t e r , and R. E . Sege l ( P r o j e c t 1-21) 

B u l l . A m . P h y s . Soc . £ , 11 (23 J a n u a r y 1963) 

A STUDY O F THE Ca40(d ,d )Ca40 AND C a 4 0 ( d , p ) C a 4 i REACTIONS 
L . L . L e e , J r . , J . P . Sch i f fe r , and B. Z e l d m a n . . ( P r o j e c t 1-27) 

B u l l . A m . P h y s . Soc . 8̂ , 48 (23 J a n u a r y 1963) 

REGGE T R A J E C T O R Y IN F I E L D THEORY 
L. S. Liu and K. T a n a k a ( P r o j e c t V-45) 

B u l l . A m . P h y s . Soc . 8, 44 (23 J a n u a r y 1963) 

ACM STUDENT R E P O R T S 

MASS S P E C T R O M E T R I C STUDIES O F THE DIFFUSION O F ALKALI 
SALTS THROUGH PLATINUM 

E . S. B l i s s ( P r o j e c t 11-24) 
ACM s tudent r e p o r t to L a w r e n c e Col lege ( J a n u a r y 1963) 

THE MOSSBAUER CROSS SECTION IN IRON-57 AT ROOM T E M ­
P E R A T U R E 

W, Denno ( P r o j e c t I -1 9) 
ACM s tuden t r e p o r t to K a l a m a z o o Col lege ( F e b r u a r y 1963) 

MEASUREMENT O F THE GAMMA DECAY O F W i s s 
W. E . G e l h a a r . . . ( P r o j e c t 1-36) 

ACM s tuden t r e p o r t to Knox Col lege ( J a n u a r y 1963) 
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A D D I T I O N A L P A P E R S A C C E P T E D FOR P U B L I C A T I O N 

P A R T I C L E S WITH Z E R O MASS AND P A R T I C L E S WITH " S M A L L " 
MASS 

F . C o e s t e r ( P r o j e c t V - 3 8 ) 
P h y s . R e v . ( M a r c h 15 , 1963) 

T H R E E - N E U T R I N O H Y P O T H E S I S 
K. Hi lda ( P r o j e c t V - 4 7 ) 

Nuovo c i m e n t o 

r BREAKUP AND THE SA RELATIVE PARITY 
K. H i l d a , J . L . U r e t s k y , and R. J . O a k e s . . . ( P r o j e c t V - 4 7 ) 

Nuovo c i m e n t o 

A T E S T O F T H E S T A T I S T I C A L N A T U R E O F F L U C T U A T I O N S IN 
N U C L E A R CROSS SECTIONS 

L . L L e e , J r . and J . P . Sch i f fe r ( P r o j e c t 1-31) 
P h y s . L e t t e r s 4 ( 1 M a r c h 1963) 

S T E R E O S C O P I C T E L E V I S I O N S Y S T E M 
W. J . O ' N e i l l ( P r o j e c t 1-22) 

N u c l e a r I n s t r . and M e t h o d s 

P O S S I B L E D E T E R M I N A T I O N O F T H E S P I N O F S ^ ' F R O M ITS 
DECAY ANGULAR A S Y M M E T R Y 

M. P e s h k i n ( P r o j e c t V-5 ) 
P h y s . R e v . ( F e b r u a r y 1 5 , 1963) 

(n ,2n ) R E A C T I O N CROSS S E C T I O N S F R O M 12 to 1 9 . 6 MEV 
L . A . R a y b u r n ( P r o j e c t 1-90) 

P h y s . R e v . 

T H E G A M M A - R A Y S P E C T R U M F R O M T H E R M A L N E U T R O N C A P T U R E 
IN H f l 7 7 AND A S S O C I A T E D E N E R G Y L E V E L S IN Hfi '^s 

R. K. S m i t h e r ( P r o j e c t 1-60) 
P h y s . R e v . ( F e b r u a r y 1, 1963) 

A N O T E ON T H E M E A S U R A B L E E L E C T R I C CHARGE O F S P I N - j 
BOSONS 

R. S p i t z e r ( P r o j e c t V-39) 
Nuovo c i m e n t o 
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ON THE MECHANISM OF THE ISOTOPIC EXCHANGE OF TRITIUM 
WITH METHANE 

S. Wexler (Project 11-41) 
J. Am. Chem. Soc. (February 1963) 
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PERSONNEL CHANGES IN THE ANL PHYSICS DIVISION 

NEW MEMBERS OF THE DIVISION 

Student Aide (Co-op) 

Mr. Gordon Hoffman, Illinois Institute of Technology. Working with 

L. S. Goodman on a field stabil izer for a tomic-beam 

magnet ic- resonance machines . Came to ANL on 

January 28, 1963. 

Student Aides (ACM) 

Mr. David J. Bailey, Beloit College. Working with S. S. Hanna on 

measurements of intensit ies and isomer shifts in the 

Mossbauer effect in FeS7. Came to ANL on F e b r u r r y 

4, 1963. 

Mr. Joel Ter rence Klopcic, Knox College. Working with M. S. 

Kaminsky on ionic impact phenomena on metal s u r ­

faces. Came to ANL on January 28, 1963. 

Mr. Michael Pe te r Schulhof, Grinnell College. Working with J. 

Heberle on the application of a superconducting mag-
11 

net to Mossbauer exper iments . Came to ANL on 

January 28, 1963. 

Mr . Leighton R. Scott, Knox College. Working with S. B. Burson 

on the p and y spectroscopy of several isotopes, 
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e s p e c i a l l y W^^a and R e i s s . The s tudy wi l l i nc lude 

a n g u l a r - c o r r e l a t i o n m e a s u r e m e n t s and the u s e of 

c o m p u t e r p r o g r a m s for a n a l y s i s of p and y s p e c t r a . 

C a m e to ANL on J a n u a r y 2 8 , 1963. 

PROMOTIONS 

D r . M o r t o n H a m e r m e s h , who h a s b e e n D i r e c t o r of the ANL P h y s i c s 

D iv i s ion s ince A p r i l 1, 1959, was appo in ted A s s o c i a t e 

D i r e c t o r of the L a b o r a t o r y on F e b r u a r y 15 , 1963. In 

th i s c apac i t y he wi l l he lp c o o r d i n a t e b a s i c sc i en t i f i c 

r e s e a r c h in a l l d i v i s i o n s of the L a b o r a t o r y . 

D r . Lowel l M. B o l l i n g e r was m a d e D i r e c t o r of the A N L P h y s i c s 

D iv i s ion on F e b r u a r y 2 0 , 1963. 

D r . M u r r a y P e s h k i n was m a d e A s s o c i a t e D i r e c t o r of the ANL P h y s i c s 

Div i s ion on F e b r u a r y 2 , 1963. He wi l l be c o n c e r n e d 

wi th a d m i n i s t r a t i v e m a t t e r s in the t h e o r e t i c a l sec t ion 

and wi th g e n e r a l po l icy for the d iv i s ion a s a who le . 
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